
D. DETERMINATION OF EFFECT

Having discussed measurement of ambient levels and exposure, the

independent variables of damage functions, we are now ready to tackle the

dependen t  va r i ab le ,  i . e . ,  t he  assoc ia ted  e f f ec t .  Subsequen t  sec t i ons  w i l l

address estab l ishment  o f  funct iona l  re la t ionsh ips  and presenta t ion o f  resu l ts .

The presentat ion here comprises an introduction, fol lowed by an examination

o f  t he  e f f ec t s  o f  a i r  po l l u t i on  on  hea l t h ,  vege ta t i on ,  and  ma te r i a l s .

1. D e f i n i t i o n s

Prec ise def in i t ion o f  the e f fec t  under  s tudy is  perhaps the most

important requirement in the successful development of a damage

f u n c t i o n . Such a def in i t ion revo lves around the fo l lowing a t t r ibutes:

Type  o f  e f f ec t

Durat ion

R e v e r s i b i l i t y

S e n s i t i v i t y

S p e c i f i c i t y

Threshold and saturat ion

Measures.

These are now discussed in turn.

Terms commonly used to denote effect include response, injury, and

damage. The f i rs t  o f  these impl ies  a  change in  the act iv i ty  o f  the sub-

jec t  and is  thus not  app l icab le  to  the numerous s i tuat ions where the

sub jec t  i s  i nan ima te . In jury  is  a  more genera l  and appl icab le  term for

obse rvab le  e f f ec t . Final ly, damage is injury of such type and magnitude

t h a t  i t  a f f e c t s  t h e  n o r m a l  f u n c t i o n  o f  t h e  s u b j e c t .  T h e  d e f i n i t i o n  o f

damage a lso inc ludes funct iona l  aggravat ion of  a  preex is t ing in jury  and

predispostion to future damages.

Fo r  examp le ,  i n i t i a l  i n j u r y  t o  t he  su r face  o f  a  l ea f  o r  t he  pa in t

coat of a steel girder is general ly not regarded as a damage, unless

and  un t i l  i t  t h rea tens  t he  s t r eng th  o f  t he  l a t t e r  and  t he  me tabo l i c
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funct ion o f  the former . However, the same injury would be considered

damaging,  i f  the pa in t  served an add i t iona l  aesthet ic  funct ion and the

leaf were used as cigar wrapper stock.

Durat ion o f  damages prov ides for  the i r  c lass i f ica t ion as chron ic

or  acute . The former  typ ica l ly  resu l t  f rom long- term exposure to  low

concent ra t ions o f  po l lu tants ,  are  character ized by extended durat ion

of development, delayed detection, and long prevalence, and may be

i l lus t ra ted by most  forms of  cancer . Because o f  these character is t ics ,

development of damage funct ions involving chronic effects is very

d i f f i c u l t . Acute  e f fec ts ,  usua l ly  assoc ia ted wi th  shor t - term exposure

to h igh po l lu tant  leve ls ,  are character ized by very  rap id  development

and detect ion and rather br ief and dramatic effects, such as the "excess"

dea ths  reg i s te red  du r i ng  a  seve re  a i r  po l l u t i on  "ep i sode " .  I t  shou ld

be noted,  however ,  that  long- term,  low- leve l  exposure is  a lso l ike ly

to  prov ide a  pred ispos i t ion to  acute  e f fec ts ,  and converse ly ,  one or

more short-term high-level exposures could eventual ly produce chronic

e f f e c t s .

A  re l a ted  aspec t  o f  b i o l og i ca l  damages  i s  r eve rs i b i l i t y ,  i . e . ,

the ab i l i ty  o f  the sub ject  to  repa i r  the damage and restore the func-

t ion, upon cessation of exposure. A good example of reversible damage

is  low- leve l  in tox icat ion wi th  carbon monox ide. On the other hand, ex-

posure to even low levels of certain heavy metals leads to their accumu-

la t ion in  the body organs, and eventua l ly ,  i r revers ib le  damage.

The type and severi ty of effects result ing from a given exposure

to  a  spec i f ic  po l lu tant  are  governed in  large measure by the sens i t iv i ty

and suscept ib i l i ty  o f  ind iv idua l  members or  c lasses o f  the popula t ion.

The d is t inc t ion drawn here between suscept ib i l i ty  and sens i t iv i ty  is

somewhat arbitrary, but useful.  Members of a given species, such as

Homo sap iens,  tend to  have a  s imi lar  sens i t iv i ty  to  the e f fec ts  o f

a i r  p o l l u t i o n , in  the sense that  the i r  t issues are l ike ly  to  exper ience

a s imi lar  e f fec t ,  upon a  g iven exposure to  a  spec i f ic  po l lu tant .

However ,  the very  young,  the very  o ld ,  and people a f f l ic ted wi th  o ther

disorders are more susceptible to observable damage, such as i l lness

or death. Various plant species, on  t he  o the r  hand ,  d i f f e r  i n  sens i t i v i t y
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t o  a i r  po l l u tan t s  and  may  be  b red  w i t h  t h i s  t r a i t  i n  m ind .  I n  such

a case,  the cost  o f  breeding the res is tant  var ie ty  and any assoc ia ted

loss  i n  p roduc t i v i t y  mus t  be  i nc l uded  i n  t he  ca l cu la t i on  o f  t o ta l  eco -

nomic damage.

I n  assess ing  spec i f i c  e f f ec t s  o f  a  g i ven  l eve l  o f  exposu re ,  i t

i s  very  impor tant  to  iso la te  the in f luence o f  any cofactors  and mimics .

The  f o rmer  a re  f ac to r s  t ha t  ac t  s imu l t aneous l y ,  syne rg i s t i ca l l y ,  o r

an tagon i s t i ca l l y  w i t h  t he  po l l u tan t s .  Th i s  may  be  i l l us t ra ted  by

the  d rama t i c  i n f l uence  o f  mo i s tu re  i n  t he  co r ros i ve  e f f ec t s  o f  su l f u r

dioxide on metals. On the other hand, photochemical oxidants appear

to  act  antagonis t ica l ly  toward su l fur  d iox ide,  perhaps by forming a

p ro tec t i ve  me ta l  ox i de  f i lm . Mimics  are  fac tors  that  s imula te  the

effect of certain pollutants. A classic example is that presented

by ozone and nuc lear  rad ia t ion,  both o f  which cause d isrupt ion o f

chromosomes. Because of  the i r  la rge var ie ty  and impor tance,  cofactors

and mimics wi l l  be taken up in  greater  deta i l  under  the ind iv idua l

target areas below.

The concept of exposure threshold has been the subject of con-

s iderab le  and heated debate in  connect ion wi th  estab l ishment  o f  a i r

qua l i t y  s tanda rds . Th is  concept  ho lds  that ,  fo r  every  spec i f ic  combi -

na t i on  o f  po l l u t an t ,  co fac to r s ,  e f f ec t ,  and  popu la t i on  a t  r i s k ,  t he re

ex i s t s  an  i n i t i a l  l eve l  o f  exposu re  up  t o  t he  t h resho ld  va lue ,  wh i ch

is  not  assoc ia ted wi th  s ign i f icant ,  o r  a t  least ,  observed damage.

Converse ly ,  one can a lso postu la te  a  saturat ion leve l  o f  exposure,

resu l t i ng  i n  ex t r eme  e f f ec t s  ( e .g . , dest ruc t ion o f  the target  popu-

l a t i on ) ,  such  t ha t  add i t i ona l  exposu re  does  no t  r esu l t  i n  add i t i ona l

observed damage.

The common pract ice  o f  set t ing a i r  qua l i ty  s tandards a t ,  or  jus t

below the corresponding threshold levels has engendered considerable

cont roversy,  which revo lves around the var ious poss ib le  in terpre ta t ions

of  the thresho ld  concept . S ince threshold  leve ls  are large ly  cont ingent

on the abi l i ty to observe and measure small  degrees of damage in large

popula t ions, they become continual ly eroded with improving state of

the art in damage assessment. Moreover, it is known that low levels of

certain pol lutants which are incapable of producing measurable damages,
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nevertheless generate a predisposit ion to subsequent damage. Thus,

the proponents of reduced standards advocate that these be set at

1-3 orders of magnitude below threshold levels, depending on the

gravity of the corresponding damage, to ensure publ ic safety. Opponents

argue that the economic costs and other deprivat ions associated with

cont ro ls  requ i red to  ach ieve such low s tandards cannot  be jus t i f ied

by these benef i ts .

The  f i na l  and  mos t  consequen t i a l  a t t r i bu te  o f  e f f ec t  i s  i t s

measurement. Inasmuch as this study is concerned with physical,  rather

than economic damage functions, al l  damages are expressed in physical

o r  b i o l o g i c a l , rather than monetary terms. Typical general measures

of damage are the severi ty of effect summed over the populat ion at

r isk ,  or  the number  or  f rac t ion o f  ind iv idua l  members  a f fec ted. S p e c i f i c

measures vary widely from one target area to another and are thus best

tackled under the several target areas below.

2. Heal th  Ef fec ts

The  t a rge t  ca tego ry  o f  hea l t h  e f f ec t s  r e fe r s  p r ima r i l y  t o  t he

effects of air  pol lutants on human health, since most animals are not

permitted to l ive long enough to suffer appreciable damages from

preva i l i ng  po l l u tan t  concen t ra t i ons . The major considerat ions here

are the types o f  e f fec ts  exper ienced,  the e f fec ts  o f  spec i f ic

po l lu tants  and cofac tors , and the specific measures of damage.

The types o f  e f fec ts  o f  a i r  po l lu tants  on human heal th ,  in  order

o f  i nc reas ing  seve r i t y ,  a re :

Body burden

Uncertain physiological changes

Adverse physiological changes

Morb id i t y

M o r t a l i t y .

At any given level of exposure, t he  f r ac t i on  o f  t he  popu la t i on  a f f ec ted

decreases wi th  increas ing sever i ty  o f  e f fec t ,  but  damages in  a l l  o f

these categor ies  must  be inc luded in  the to ta l  f igure .
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Body burden,  i .e . , t he  accumu la t i on  o f  a i r  po l l u t an t s  ( e .g . ,

heavy meta ls) ,  or  the i r  products  (e .g . ,  carboxyhemoglob in)  in  body

organs and t issues, i s  t h e  e a r l i e s t  i n d i c a t i o n  o f  p o t e n t i a l  e f f e c t .

Th is  type of  e f fec t  can be measured most  re l iab ly .  Uncer ta in  phy-

siologic changes may involve decreased tolerance for exercise and

changes in heart beat and blood pressure. Examples of adverse phy-

s io log ic  changes are eye i r r i ta t ion,  coughing,  and increase in  e lec-

t r oca rd iog raph i c  abno rma l i t i es .

Morbidity and mortal i ty are by far the most common types of health

ef fec ts  invest igated in  the pursu i t  o f  damage funct ions. Large amounts

of  h is tor ica l  data  are ava i lab le  f rom the Nat iona l  Center  for  Heal th

Stat is t ics ,  the Nat iona l  Hear t  and Lung Ins t i tu te ,  the Nat iona l  Cancer

I ns t i t u t e ,  and  s ta te  depa r tmen ts  o f  hea l t h .  I n  mos t  cases ,  t he  da ta

are broken down by specif ic disorder, and sometimes, by demographic and/or

soc io -econom ic  cha rac te r i s t i c s  o f  t he  popu la t i on  a t  r i s k .

Measures of morbidity include incidence (number of new cases per

unit  t ime) and prevalence (number of continuing cases per unit  t ime)

of  d isease,  hosp i ta l  admiss ions and occupancy,  medica l  v is i ts ,

absenteeism from school and work, and personal record of discomfort.

Some of these can be measured with greater rel iabi l i ty than others

bu t  mos t  r e l y  on  weak  repo r t i ng  p rocedu res .  Mor ta l i t y  da ta  su f f e r

f rom occas iona l  er rors  in  d iagnos ing the cause of  death,  espec ia l ly

in the absence of an autopsy. Thus, specif ic heart ai lments may be

improper ly  ident i f ied and metastas ized cancers  mis taken for  pr imary

ones. Most importantly, there is no attempt to recognize combined

ef fec ts ,  such as aggravat ion o f  the cause of  death  by another  po l lu -

t i on - i nduced  d i so rde r .

The  spec i f i c  hea l t h  e f f ec t s  o f  ma jo r  a i r  po l l u t an t s  a re  l i s t ed

in Table 20. I t  w i l l  be  no ted  t ha t  agg rava t i on  o f  r esp i ra to r y  and

cardiovascular diseases are the most common effects.
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Table  20.  Heal th  Ef fec ts  o f  Major  A i r  Po l lu tants

Po l l u tan t s

E f f e c t

Agg rava t i on  o f  r esp i ra to ry
disease

sax/

P a r t i c u l a t e s  NO, O x i d a n t s  C O

X X X

Aggravat ion o f  card iovascu lar
disease

X X X X

Suspected cont r ibut ion to
respiratory neoplasms

Suspected cont r ibut ion to
gast ro in tes t ina l  neop lasms

Reduced lung function

E y e  i r r i t a t i o n

Chronic  nephr i t is

Impaired exercise tolerance
and menta l  ac t iv i ty

X X X

X

X

X

X

X

The pr inc ipa l  co fac tors  o f  a i r  po l lu tants  in  human hea l th  e f fec ts

are the meteorological condit ions of temperature and humidity. Factors

a f f ec t i ng  suscep t i b i l i t y  o f  t he  popu la t i on  a t  r i s k ,  such  as  smok ing

habi ts ,  occupat iona l  exposure,  and genera l  hea l th ,  are  accounted for

i n  cha rac te r i z i ng  t he  popu la t i on  a t  r i s k .

3. Vegeta t ion Ef fec ts

Ef fec ts  o f  a i r  po l lu tants  on vegeta t ion are  mani fes ted through

physiological changes, var ious types of  in jury  to  leaves and other  par ts

of  the p lant ,  reduced y ie ld ,  reduced p lant  growth,  and,  o f  course,  death.

The relat ive consequences of the various types of effect depend on the

plant species and use. Thus, leaf appearance is of paramount importance

in the case of cigar tobacco, l e t t uce ,  and  o rnamen ta l s ,  f r u i t  y i e l d

is  impor tant  in  the case o f  f ru i t  t rees,  whereas p lant  growth is  a

p r i nc i pa l  cons ide ra t i on  i n  r a i s i ng  l i ves tock  f odde r .
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The most remarkable feature of past measurements of air  pol lutant

e f f e c t s  o n  v e g e t a t i o n  i s  t h e i r  w i d e  d i v e r s i t y .  T h i s  f r u s t r a t e s  a n y

at tempts  a t  ver i fy ing,  compar ing,  or  aggregat ing the resu l ts  o f

d i f f e r e n t  s t u d i e s . The prob lem is  i l lus t ra ted in  Table  21 which

shows the effect,  the measurement technique, and the plant invest igated.

Table 21. Measurement of Vegetat ion Effects

Measurement
E f f e c t Index P l a n t

Physiologic Change Evapot ransp i ra t ion Tobacco, soybean

Absorpt ion o f  CO2 Pine

Chlorophyl l  content Tomato, pinto bean

I n j u r y Po r t i on  o f  l ea f  a rea Near l y  a l l  p l an t s  s tud ied
a f f ec ted

Time to appearance Elm, maple, ginko

Leaf drop Orange, lemon, pine

Growth Reduction Weight Ryegrass, soybean, birch

Height Co t t on ,  po inse t t i a

Diameter Po inse t t i a ,  p i ne ,  pop la r

Number of leaves Ryegrass

Y i e l d Number of flowers Cotton

Number  o f  f ru i ts Cotton, orange, lemon,
tomato

F ru i t  d rop Orange

Weight Soybeans, corn, potato,
tomato,  sp inach,  rad ish,
l e t t u c e ,  a l f a l f a ,  o r a n g e ,
lemon

Time to appearance Corn, carnation, geranium,
po inse t t i a ,  o range

Death Mosses, l ichens

Leaf  in jury  may take the form of  ch loros is  -  loss o f  ch lorophy l l

manifested by appearance of l ight-colored areas, senescence - aging of

t issues with concomitant changes in pigmentat ion, and necrosis - death

of t issues evidenced by appearance of brown or black spots. Sever i ty
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of  in jury  is  expressed as the percentage of  leaf  area af fec ted or  the

t ime to  appearance of  the in jury . Extent of leaf injury has been used

wi th  some success to  pred ic t  y ie ld  loss  f rom su l fur  d iox ide and

f luor ides,  but  not  f rom ozone. This may be associated with the fact

that  the former  po l lu tants  accumulate  in  the p lant  t i ssues to  produce

leaf  in jury ,  whereas ozone af fec ts  permeabi l i ty  o f  the ce l l  membrane

and in ter feres wi th  normal  funct ion o f  the ch lorophy l l .

Ma jo r  co fac to r s  i n  e f f ec t s  o f  a i r  po l l u t an t s  on  vege ta t i on  a re

me teo ro log i ca l  cond i t i ons ,  such  as  hum id i t y ,  p rec ip i t a t i on ,  i nso la -

t ion,  temperature ,  and a i r  tu rbu lence,  as  wel l  as  so i l  mois ture  and

nu t r i en t  con ten t . Mix tures of  su l fur  d iox ide and n i t rogen d iox ide

may produce synerg is t ic  e f fec ts . However, sulfur dioxide and ozone

may produce ef fec ts  that  are  synerg is t ic ,  antagonis t ic ,  or  mere ly

addi t ive ,  depending on concent ra t ion ra t io  and p lant  spec ies.  In-

sects, diseases, drought and inadequate nutr i t ion can produce effects

that  mimic  those o f  a i r  po l lu tants .

4 . Ma te r i a l  E f f ec t s

Ef fec ts  o f  a i r  po l lu tants  on mater ia ls  are  ra ther  wel l  def ined

in  compar ison wi th  hea l th  or  vegeta t ion e f fec ts .  Th is  is  due to  the

higher uniformity of samples, simpler damage mechanisms, and

consequen t l y ,  g rea te r  r ep roduc ib i l i t y  o f  r esu l t s .  The  p r i nc i pa l  e f f ec t s

may be c lass i f ied as so i l ing,  fad ing,  coat ing,  cor ros ion,  and degradat ion.

Soi l ing of bui lding and other exposed surfaces occurs through

depos i t i on  o f  pa r t i cu l a te  ma t t e r . The resultant damage is measured in

terms of  change in  sur face re f lec tance,  or  more sub jec t ive ly ,  in  terms

of  the f requency and ef for t  o f  c lean ing. Fading of  text i le  dyes and

p a i n t s , a t t r ibuted pr imar i ly  to  n i t rogen ox ides and ox idants ,  may be

assessed by subject ive inspection or opt ical measurements. Changes in

t he  t ens i l e  s t r eng th  o f  t ex t i l e s , rubber, and leather products provide

a measure of the degradation of these materials by sulfur dioxide and/or

ox idants .
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Corrosion and degradation of metal and masonry surfaces can

take  p l ace  t h rough  d i s rup t i on  o f  a  p ro tec t i ve  coa t i ng  (e .g . ,  t he

oxide coating on aluminum), formation of an undesirable coating

(e. .g . ,  the su l f ide coat ing on copper  or  s i lver ) ,  and format ion o f

a soluble compound or powder that is washed or blown away (e.g.,

z i nc  o r  ca l c i um su l f a te ) . Corrosion and degradation mar the ap-

pearance and reduce the strength of the materials which then re-

qu i r e  pe r i od i c  su r f ace  re f i n i sh i ng  o r  r ep lacemen t .  These  e f f ec t s

can be measured in terms of changes in weight, thickness, or elec-

t r i c  r es i s t ance  o f  a  me ta l  con tac t .

The more impor tant  fac tors  a f fec t ing the a t tack  ra te  o f  ma-

ter ia ls  by damaging po l lu tants  inc lude humid i ty ,  temperature,  sun-

l i gh t ,  and  a i r  t u rbu lence . H u m i d i t y  i s  p a r t i c u l a r l y  e f f e c t i v e  i n

the cor ros ion o f  meta ls  and the cr i t i ca l  va lue which produces a

sharp r ise  in  cor ros ion ra te  var ies  between 60-90 percent ,  depend-

ing on the spec i f ic  po l lu tant  and target  meta l . Wind speed is sig-

n i f i can t  i n  enhanc ing  t he  con tac t  o f  po l l u t an t s ,  i nc l ud ing  ab ras i ve

p a r t i c l e s , w i t h  t he  ma te r i a l  su r f ace . Elevated temperature gen-

era l ly  increases the ra te  o f  chemica l  a t tack. Sun l i gh t  con t r i bu tes

to  the format ion o f  photochemica l  ox idants ,  but  a lso mimics  the rub-

ber cracking and dye fading effects of ozone.

Presence of  par t icu la tes  appears  to  increase the cor ros ion

ra te  o f  me ta l s  by  su l f u r  d i ox ide . However, photochemical oxidants

tend to  reduce th is  ra te ,  perhaps by forming a protect ive meta l  ox ide

coat ing.
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E. ESTIMATION OF FUNCTIONAL RELATIONSHIP

Once the exposure and effects data have been collected through one

of the types of studies discussed in the preceding sect ion, i t  becomes

necessary  to  app ly  var ious s ta t is t ica l  methods to  es t imate the cor responding

dose-ef fec t  re la t ionsh ips .  These techn iques,  the inherent  assumpt ions

and errors, and the types of ensuing relat ionships are taken up here.

1. Sta t is t ica l  Methods

In  c lass ica l  hypothes is  tes t ing,  i t  i s  usua l ly  assumed that

the funct iona l  spec i f ica t ion o f  the re la t ionsh ip  be ing examined is

given and that the relevant variables are known. Procedures can

then be adopted from stat ist ical theory to test competing hypotheses.

In  examin ing a i r  po l lu t ion dose-ef fec t  assoc ia t ions,  however ,  the

functional form of the relat ion is seldom known, and there are only

con jec tu res  as  t o  a l l  t he  r e l evan t  f ac to r s . Neve r t he less ,  i t  i s

often necessary for invest igators to assume a funct ional form of a

dose-ef fec t  re la t ion and tes t  i t  to  see how wel l  the data  f i t  the

assumption or whether modif icat ions must be made, or al ternative

methods used.

The more common stat ist ical methods for def ining the quanti tat ive

relat ionship between exposure and effect are:

Cross tabu la t ions or  s imple  cor re la t ions
Mul t ivar ia te  regress ion analys is
D i s t r i b u t i o n - f r e e  a n a l y s i s .

The f irst method has been used in the health effects area to

corre la te  the preva lence of  a  d isese in  spec i f ied popula t ion groups

w i th  an  i ndex  o f  a i r  po l l u t i on . The  d i f f i cu l t y  i n  us i ng  t he  resu l t s

of  such a  s tudy is  that  a  host  o f  o ther  fac tors  are  a l lowed to  vary  across

popu la t i ons  and  i t  i s  usua l l y  imposs ib le  t o  i den t i f y  t he  pu re  po l l u t i on

e f f e c t .

Recogniz ing the need to  cont ro l  for  confounding fac tors  a f fec t ing

dose-ef fec t  re la t ionsh ips ,  some invest igat ions cross- tabu la te  a long
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several dimensions. Fo r  examp le ,  a  s ta t i s t i ca l  ana l ys i s  o f  po l l u t i on

ef fec ts  on house pa in t  might  co l lec t  data  for  d i f fe rent  areas o f  the

coun t r y  on  t he  f r equency  o f  r epa in t i ng ,  t he  l eve l s  o f  a i r  po l l u t i on ,

and severa l  meteoro log ica l  var iab les . One could then compile

c ross - t abu la t i ons  based  on  t he  d i f f e ren t  va r i ab les  o r  pa r t i a l

co r re l a t i ons . However, even this method wil l  not produce rel iable

e i t h e r

est imates o f  the dose-ef fec t  re la t ion i f  the areas be ing compared

are not  we l l  matched wi th  respect  to  o ther  impor tant  fac tors  (e .g . ,

t ypes  o f  bu i l d i ngs ,  o r  pa in t i ng  t echn iques ) .

A c lass ic  s ta t is t ica l  method in  ep idemio log ica l  s tud ies  invo lves

"pur i f ica t ion"  o f  the data  by ho ld ing constant  a  number  o f  fac tors .

To th is  end,  invest igat ions o f  hea l th  e f fec ts  have focused on

persons of the same occupation and living in the same community,

on the assumption that uncontrol led factors would be constant or

vary randomly. However, a number of such studies suffer from large

sampling variat ions induced by small  sample sizes.

2. Mul t ivar ia te  Regress ion Analys is

Mul t ivar ia te  regress ion analys is  o f  la rge popula t ions has been

used  e f f ec t i ve l y  t o  de f i ne  t he  dose -e f f ec t  r e l a t i onsh ip  i n  hea l t h

e f f e c t s  s t u d i e s  t h r o u g h  s t a t i s t i c a l  c o n t r o l  o f  t h e  i n t e r f e r i n g  f a c t o r s .

The two bas ic  types o f  mul t ivar ia te  ana lyses in  th is  app l ica t ion use

c ross -sec t i ona l  and  t ime -se r i es  da ta ,  r espec t i ve l y .  The  f i r s t  o f

these invest igates  a  measured e f fec t  (e .g . ,  mor ta l i ty  ra tes)  across

r e g i o n s  w i t h  d i f f e r e n t  a i r  p o l l u t i o n  l e v e l s ,  w h i l e  c o n t r o l l i n g  f o r

o the r  r eg iona l  d i f f e rences , such as socioeconomic character ist ics

(Lave and Seskin, 1973). The second type of investigation examines

changes in  a  measured e f fec t  w i th in  a  s ing le  locat ion as a  funct ion o f

changing air qual i ty over a period of t ime (Glasser and Greenburg, 1971).

The major advantages of the t ime-series approach are that many of

t he  cova r i a tes  t ha t  cou ld  d i s t o r t  t he  resu l t s  r ema in  re l a t i ve l y  cons tan t

wi th in  a  reg ion and that  i t  permi ts  assessment  o f  lag  e f fec ts .  On

the  o the r  hand ,  t ime -se r i es  ana l ys i s  co r re l a tes  cu r ren t  e f f ec t s  w i t h

current or lagged measures of exposure, even though these effects re-

f lec t  preponderant ly  pr ior  exposure,  probably  a t  lower  concent ra t ion
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l e v e l s . Thus ,  t h i s  app roach  i s  be t t e r  su i t ed  t o  i nves t i ga t i on  o f

acute  than o f  chron ic  e f fec ts . Moreover, this approach is subject

to  d i f f icu l t ies  in t roduced.  by  the assumpt ion o f  ser ia l  independence

of successive deviat ions between est imated and observed values.

The operat ion o f  mul t ivar ia te  regress ion analys is  can be best

i l lus t ra ted by a  s imple  two-var iab le  case. The standard procedure

for  ana lyz ing the re la t ionsh ip  between the two var iab les is  to  f i t

a l ine through the observations using an ordinary " least squares

technique", which minimizes the sum of squared vert ical distances

between the actua l  observat ions and the f i t ted l ine .  The output

cons is ts  o f  the best ,  l inear ,  unb iased est imates o f  the s lope and

i n t e r c e p t . In  the case o f  severa l  independent  var iab les ,  the resu l ts

inc lude coef f ic ients  which ind icate  the cor re la t ion between each

independent variable and the dependent variable.

I f  the re la t ionship  is  not  approx imated wel l  by  a  l inear  equa-

t ion, several other approaches can be used. A common procedure is to

perform piecewise l inear regressions by approximating several segments

o f  t he  cu rve  by  l i nea r  f unc t i ons . Another is to employ the cumbersome

po l ynomia l  mu l t i va r i a te  reg ress ion  ana l ys i s .  A  t h i r d  me thod  i s  p rob i t

ana lys is ,  which usual ly  invo lves representat ion o f  the independent

variable on a logari thmic scale and expression of the dependent vari-

ab le  i n  t e rms  o f  t he  p robab i l i t y  un i t  (F inney ,  1971 ) .

Mult ivariate regression analysis has a number of important

advantages:

I t  p rov ides a  rap id  es t imate o f  the degree o f  assoc ia t ion
between a number of independent variables and the
dependent variable

I f  the independent  var iab les are s tandard ized,  the
ind i v i dua l  r eg ress ion  coe f f i c i en t s  can  revea l  t he
cont r ibut ion o f  both  "s t rength"  and "sense"  o f  each
independent variable to the dependent variable

I t  accounts  for  "unexpla ined"  var ia t ions in  the
independent  var iab le

The required computer programs and know-how are
w ide l y  ava i l ab le .
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The l imi ta t ions o f  th is  method are  substant ia l ,  but  can be

mi t igated somewhat  by  adro i t  s ta t is t ica l  techn iques.

I t  r equ i res  a  p r i o r i  spec i f i ca t i on  o f  an  app rox ima-
t ing re la t ionsh ip  between each independent  var iab le
and the dependent variable

Users  f requent ly  assume a l inear  re la t ionsh ip ,  and
hence ,  t he  add i t i ve  cha rac te r  o f  con t r i bu t i ons  o f
the independent variables

Users frequently employ incorrectly an unweighted
version that requires independent and randomly dis-
t r i bu ted  e r ro r s  i n  t he  dependen t  va r i ab le ,  w i t h  neg l i -
gible randomness in the independent variables

Reg ress ion  coe f f i c i en t s  a re  ve ry  sens i t i ve  t o  ou t l y i ng
data  po in ts .

Reg ress ion  coe f f i c i en t s  a re  qu i t e  imp rec i se  i f  t he
independent  var iab les are c lose ly  cor re la ted.

3. Distribution-Free Analysis

I f  the assumpt ions about  d is t r ibut ion and re la t ionsh ips o f  the

var iab les  cannot  be jus t i f ied ,  the ana lys t  has recourse to  what  is

re fer red to  as a  d is t r ibut ion- f ree or  non-parametr ic  method of

ana l ys i s . This method places l i t t le emphasis on populat ion parameters,

because the ob ject ive  is  to  avo id  a  par t icu lar  form for  a  popula t ion

d i s t r i b u t i o n . The hypotheses to  be tested usual ly  re la te  to  the

nature  o f  the d is t r ibut ion as a  whole ,  ra ther  than to  the va lues

assumed by some of its parameters. This method of analysis can be

implemented by comparing medians, means, ranges, ranks, or other

c l ass i f i ca t i ons  o f  da ta .

A distr ibut ion-free analysis based on medians was used to good

advantage in  invest igat ing the hea l th  e f fec ts  o f  su l fur  ox ides and

nitrogen dioxide (Sprey and Takacs, 1973). The procedure may be

ou t l i ned  as  f o l l ows :

The range of each of the n independent variables is
d i v i ded  i n to  c l asses  (o r  l eve l s )
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For each n-way classif icat ion of the data, the medians
(or  spec i f ied percent i le )  o f  the dependent  and in-
dependent variables are computed

The median o f  the f i rs t  independent  var iab le  is
plotted against the median of the dependent variable
by c lasses o f  the f i rs t  independent  var iab le  a t
var ious leve ls  o f  the success ive independent  var iab les .

The set of medians are then estimates of the response of the dependent

var iab le  to  a l l  combinat ions o f  leve ls  o f  the independent  var iab les .

I nd i v i dua l  pa i r s  o f  med ians  can  be  t es ted  f o r  s t a t i s t i ca l l y  s i gn i f i can t

dif ferences using standard median tests.

Another i l lustrat ion, based on comparison of ranks, may involve

the comparison of some measure of an air pollutant between Regions

A and B, where n randomly selected samples of the air pol lutant

measured are avai lable from each region. One can rank these 2n

samples on the basis of their numerical values. The sum of the n

ranks for  Region A is  then a measure o f  i ts  overa l l  po l lu t ion leve l .

The minimum value that this sum can take occurs when each of the n

values in Region A is smaller than the smallest value measured for

Region B. Conversely, the maximum value that this sum can take, occurs

when each of the n values in Region A is larger than the largest value

measured for Region B. If Regions A and B have the same overall

po l lu t ion leve ls ,  we would expect  th is  sum to  l ie  approx imate ly  ha l f -way

between i ts minimum and maximum values. The distr ibut ion of this sum

is  readi ly  ca lcu lab le  wi thout  any assumpt ions regard ing the actua l

d i s t r i bu t i on  o f  t he  po l l u t an t  l eve l s  w i t h i n  e i t he r  o f  t he  reg ions ,

thus prov id ing a  d is t r ibut ion- f ree method for  compar ing the po l lu tant

leve ls  o f  the two reg ions.

The pr inc ipa l  advantages o f  the d is t r ibut ion- f ree method of

analys is  are:

Freedom from assumpt ions about  d is t r ibut ion and re la t ive
dimension of e r r o r s

Freedom from assumptions about a priori  knowledge and/or
l i n e a r i t y  o f the relat ionships between independent
variables and the dependent variable
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Specif ici ty of associat ion between an independent and
the dependent variable through use of two-way analyses
of two independent variables.

On the o ther  hand,  th is  method is  qu i te  labor ious,  ca l ls  for

interposit ion of human judgment at every step of the analysis, and

requ i res  l a rge  amoun ts  o f  va l i d  da ta  t o  t es t  t he  s ta t i s t i ca l  i n t e r -

ac t i on  o f  seve ra l  va r i ab les . Because of these onerous requirements,

the d is t r ibut ion- f ree method of  ana lys is  is  used on ly  when mul t i -

va r i a te  reg ress ion  ana l ys i s  i s  no t  app l i cab le .

4 . Impact of Cofactors and Covariates

A recurr ing theme throughout this chapter has been the impact

o f  co fac to r s  and  cova r i a tes  on  de f i n i t i on  o f  t he  dose -e f f ec t  r e l a t i on -

sh ip . Cofactors  are  usua l ly  def ined as fac tors  that  mimic  or  ac t  in

concert with air pol lutants, whereas covariates may be thought of as

f a c t o r s  t h a t  v a r y  j o i n t l y  w i t h  t h e  p r i n c i p a l  v a r i a b l e .  T h e  d i s t i n c t i o n

is obviously very fuzzy and the two terms do get used interchangeably.

The  p r i nc i pa l  cova r i a tes  i n  a i r  po l l u t i on  e f f ec t  s t ud ies  may  be

l i s t ed  as  f o l l ows :

Other  po l lu tants

Meteoro log ica l  condi t ions

Humidity
Temperature
P r e c i p i t a t i o n
Wind speed and turbulence
Mix ing height
Sun l i gh t

Other exposure

Occupational
Resident ia l  ( inc lud ing smoking)
Inf luenza

Personal  character is t ics

Age
Race
Sex
Genet ic  fac tors
General health
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Socioeconomic  character is t ics Timing

Medical care
N u t r i t i o n
Exerc ise habi ts
Occupation
Income
Education
Housing
Populat ion densi ty

Days of week, or month
Holidays
Seasons

An  i dea l  i nves t i ga t i on  o f  t he  spec i f i c  e f f ec t s  o f  an  a i r

po l l u tan t  wou ld  ho ld  cons tan t ,  o r  con t ro l  a l l  l i ke l y  cova r i a tes .

Th is  can be accompl ished,  respect ive ly ,  by  jud ic ious des ign o f  the

inves t i ga t i on ,  o r  by  s ta t i s t i ca l  t echn iques . Personal and socio-

economic covariates may be held constant by employment of time-

ser ies  invest igat ions or  se lec t ion o f  comparab le  popula t ions in

c ross - sec t i ona l  s t ud i es . Al l  studies should discount seasonal

and other  tempora l  var ia t ions.

A  good  i l l u s t r a t i on  o f  t he  s ta t i s t i ca l  t echn iques  i s  p rov ided

by a c lass ic  mul t ivar ia te  regress ion analys is  o f  the assoc ia t ion

between mor ta l i ty  and a i r  po l lu t ion,  which cont ro l led many of  the

covariates l isted above (Lave and Seskin, 1973). One of the most

ser ious prob lems was found to  be mul t ico l l inear i ty ,  wh ich occurs

when some of the independent variables are so highly correlated with

one another that i t  becomes nearly impossible to isolate and est imate

the i r  i nd i v i dua l  impac t s . Techniques ava i lab le  to  t reat  these

di f f icu l t ies  inc lude the use o f  pr inc ipa l  components  (Harman,  1967)

and r idge regression (McDonald and Schwing, 1973), but their appl icat ion

is frequently accompanied by other undesirable features.

Unfor tunate ly ,  in  most  cases, there are factors which elude

c o n t r o l . Some of  these are d i f f i cu l t  to  measure conceptua l ly ,  wh i le

o the rs  su f f e r  f r om poo r  ava i l ab i l i t y  o f  da ta .  O the r  p rob lems  a r i se

when there is  a  fac tor  that  is  the actua l  cause o f  both  a  g iven a i r

po l l u t an t  and  i t s  e f f ec t . Th i s  cou ld  be  i l l us t ra ted  by  t he  ro l e

of sulfur dioxide in the formation of ozone and damage to plants.

Such a factor would give r ise to a spurious correlat ion between

the a i r  po l lu tant  and the e f fec t  be ing invest igated (S imon,  1954) .
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F. PRESENTATION OF RESULTS

The utility of a dose-effect function is heavily dependent on the

format and meaningfulness of its presentation. This last section takes up

the types and quality of relationships encountered, selection of measures,

and nature of errors and uncertainties.

1. Types of Dose-Effect Relationship

The classical representation of the relationship between expo-

sure and effect takes the form of a sigmoid, or S-shaped curve shown

in Figure 30. The ordinate may represent either the number of indivi-

duals affected or severity of effect. The abscissa indicates the dos-

age in terms of time at a given ambient concentration, or in terms of

ambient concentration for a fixed period of time. The lower portion

of the curve suggests that, up to a low exposure value, known as the

threshold level, no effect has been observed. The upper portion indi-

cates that there exists a saturation level (e.g., death of the target

population or total destruction of the crops), beyond which increased

exposure does not produce additional effect. The middle, quasi-linear

portion is very useful in that any data points here can be readily in-

terpolated, and the frequent assumption about linearity of a dose-effect

function is most valid in this sector.

Nearly all the graphs of dose-effect functions reviewed in the

course of this study represent some variation on this basic relationship.

Most frequently, they involve the linear (Figures 3, 6, 7, 8, 9, 19, 22,

23) or curvilinear (Figures 14, 17, 20, 21, 24, 25, 28, 29) portions of

the curve or some linear approximation (Figures 4, 11). A special case

of the latter is known as a "hockey stick" function (Figure 31). Bar

charts (Figures 5, 26) are more appropriate when exposure is expressed

in terms of average values during changing intervals. F i na l l y ,  e f f ec t

can be expressed as a function of both concentration and exposure time,

as well as several pollutants, or some cofactor of air pollution, with

the aid of families of curves (Figures 8, 17, 20, 21, 24) or multi-di-

mensional plots (Figures 12, 13, 18).
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Figure 30. Hypothet ica l  Dose-Ef fect  Funct ion

Figure 31. "Hockey  S t i ck "  Cu rve  F i t t ed  t o  A r t i f i -
c i a l  Da ta
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Some representat ive mathematical formulat ions are presented in

Table 22. I t  may be not iced that  there is  no cons is tent  pat tern  for

express ing these re la t ionsh ips.

Table 22. Selected Dose-Effect Relat ionships

Relationship

Health Effects

Definition of Terms Reference

MRi = aO + aTPi + a2Si + et MRi = mortality rate for a particular
disease in area i;

:f
= measure of air pollution;
= measure af socioeconomic status;

el = error term with zero mean

Lave and Seskin, 1972

EMR = 0.00339 C - 0.860 EMR = percent excess mortality;
C

Buechley et al., 1973
= concentration of sulfur

dioxide, Pg/m3

Vegetation Effects

C = a + bT1 + b2/T
F

= concentration;
= percentage of plant response;

Heck and Tingey, 1971

T = time;
a = response threshold;
bl = genetic resistance factor;
b2 = external resistance factor

Material Effects

CR = 0.001028 (RH - 48.8)C CR = corrosion rate of zinc, urn&r;
RH = relative humidity;
C = concentration of sulfur dioxide,

utsd

Haynie and Upham, 1970

2. Qua l i t y  o f  t he  Re la t i onsh ip

The most general type of relat ionship between exposure and effect

is  te rmed "assoc ia t ive" . This merely means that certain effects have

been found associated with given levels of exposure of a populat ion

t o  a  s p e c i f i c  p o l l u t a n t . Establ ishment of the more r igorous "causal"

re l a t i onsh ip  requ i res  t he  add i t i ona l  adducemen t  o f  d i r ec t  o r  i nd i r ec t

ev idence o f  causat ion.  In  the case o f  human hea l th  e f fec ts ,  such d i rec t

ev idence is  d i f f i cu l t  to  obta in ,  and ind i rec t  ev idence must  be used.

This is based primari ly on a plausible mechanism and toxicological ex-

periments using animals as surrogate subjects for humans. For vege-

tat ion and materials, control led experiments can be conducted, showing

that the effect occurs upon exposure to the given pol lutant and does

not  occur  when that  po l lu tant  is  miss ing.

The  ev iden t i a r y  cha rac te r i s t i c s  o f  a  causa l  r e l a t i onsh ip  i nc l ude

s t reng th ,  spec i f i c i t y ,  and  cons i s tency . S t reng th  o f  t he  re l a t i onsh ip
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may be measured by the degree of correlation between exposure and

e f f e c t . Spec i f ic i ty  re fers  to  whether  on ly  the g iven fac tor  can pro-

duce the observed effects. Consistency is tested by any departure

f rom the estab l ished funct iona l  re la t ionsh ip .  The increas ing degrees

of certainty of a causal relat ionship may be expressed by such terms

as  " sugges ted " ,  " poss ib l e " ,  " l i ke l y " ,  and  "de f i n i t e " .

3. Selection of Measures

Measures of exposure and effects are characterized by a unit

of measurement (e.g.,  ug/m3, excess deaths per 10,000), a specif ic

po l l u t an t ,  a  g i ven  e f f ec t ,  an  i ns tan t  o r  i n t e r va l  o f  t ime ,  a  geog raph i c

locat ion,  and a  popula t ion a t  r isk  (e .g . ,  wh i te  males over  65,  Be l  .W3

tobacco). These concepts were discussed in some detai l  in the

preceding sect ions. Resul ts  o f  dose-ef fec t  s tud ies are  usual ly

reported in terms of some combinations of the various levels of

aggregation of these parameters (e.g., annual means, SO?,  and smoke shade

140 SMSAs,  resp i ra tory  d iseases,  whi te  males) .  Se lect ion o f  un i ts  o f

measure and combination of levels of aggregation should be governed

by the need to accommodate the l ikely user, the intended use, and

the ava i lab le  data .

L ike ly  users  o f  the in format ion are  pub l ic  o f f ic ia ls ,  bus inessmen,

taxpayers, and exposed cit izens. Obvious ly ,  any one ind iv idual  is

apt  to  f ind h imsel f  in  more than one ro le . P u b l i c  o f f i c i a l s  a n d

exposed c i t izens are more l ike ly  to  be in terested in  dose-ef fec t

functions and health effects, whereas businessmen and taxpayers would

have more use for economic damage functions which attach a monetary

va lue  t o  t he  phys i ca l  and  b io l og i c  e f f ec t s  i n  a l l  t a rge t  a reas .

In tended uses may take the form of  nat iona l  po l lu t ion cont ro l

po l icy ,  es tab l ishment  o f  a i r  qua l i ty  s tandards,  p lanning of  reg ional

development, reaching of business decisions, and select ion of place

of employment and residence. It  may be noted that the required level

of geographic and population aggregation decreases as one moves down

the l is t  to  the po in t  where an ind iv idua l  making a  personal  dec is ion

may be interested only in the effects of a given exposure on himself

and his immediate family.
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F ina l l y ,  ce r t a i n  des i rab le  un i t s  o f  measu re  o r  l eve l s  o f

aggregation may not be obtainable because of lack of adequate

reso lu t i on  i n  t he  o r i g i na l  da ta .  Fo r  examp le ,  t he  da i l y  excess

mor ta l i t y  r a tes  f r om ch ron i c  b ronch i t i s ,  assoc ia ted  w i t h  da i l y

means of SO2 concentrat ions for white males over 65 obviously

cannot be recovered from exposure data reported in monthly averages

o r  f r om mor ta l i t y  r a tes  t ha t  a re  no t  age  o r  cause -spec i f i c .

4 . Nature o f  Er rors  and Uncer ta in t ies

Errors  in  represent ing dose-ef fec t  funct ions may be character ized

as errors of specif icat ion and measurement. The former include any

t ype  o f  e r ro r  i n  spec i f y i ng  t he  f unc t i ona l  f o rm  o f  t he  re l a t i onsh ip

unde r  s tudy  o r  i n  accoun t i ng  f o r  impo r tan t  va r i ab les .  A  pa r t i cu la r l y

common and grave error of specif icat ion is committed in attempting

to  ext rapo la te  a  complete  funct iona l  re la t ionsh ip  f rom a few data

poin ts  that  are  bare ly  adequate to  character ize a  smal l  por t ion o f

the curve. Even if one were willing to make an assumption about the

overa l l  shape of  the funct ion,  there is  f requent ly  no way of  knowing

which por t ion is  represented by these data po in ts .

Errors of measurement have been alluded to throughout the

several sect ions of this chapter and may be incurred in the course

of the fol lowing steps and aspects of the development process:

Ambient levels

S ta t i on  l oca t i on
Sampling
Analyt ical measurement
Averaging and aggregation of ambient levels

Exposure

Locat ion o f  sub jec ts
Determination of exposure

E f f e c t s

Determinat ion o f  e f fec t
Impact  o f  co fac tors , covariates, and mimics
Charac te r i za t i on  o f  popu la t i on  a t  r i s k
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I f  the errors of measurement of the independent variables are

re la t ive ly  smal l ,  occur  a t  random, and fol low a normal, or Gaussian

d is t r ibut ion about  the mean va lue o f  each var iab le ,  then the to ta l

error of al l  the independent variables can be computed by standard

s ta t i s t i ca l  t echn iques . Th is  can then be compared to  the er ror  o f

measurement of the dependent variable (effect) to determine the

overa l l  uncer ta in ty  o f  the funct iona l  re la t ionsh ip  between dose and

ef fec t ,  and o f  the  es t imated impact  o f  the  var ious covar ia tes .

However, this is seldom the case, because measurement of such

independent  var iab les  as po l lu tant  leve l ,  meteoro log ica l  condi t ions,

and soc ioeconomic  character is t ics  is  sub jec t  to  er rors  that  are  both

large and biased.

5.. D i s p l a y  o f  U n c e r t a i n t i e s

The representation of errors of measurement and the ensuing

u n c e r t a i n t i e s  i n  t h e  r e s u l t s  i s  i l l u s t r a t e d  i n  F i g u r e  3 2 .  H e r e ,  a

point Z lying on the dose-effect curve A represents only the average

or expected number of effects or affected subjects associated with

Figure 32. Disp lay of  Uncer ta in ty  in  Dose-Ef fect  Funct ion
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exposure P. The actual measurements are characterized by some frequency

dis t r ibut ion about  po in t  Z  which,  in  the idea l ized Gauss ian case,

can be represented by curve H. I f  the var iance of  the po in ts  a long

curve A is known, then confidence l imits can be calculated and

represented by confidence bands A' and A".

I n  ac tua l  p rac t i ce , envelopes character iz ing er rors  and

uncer ta in t ies  o f  dose-ef fec t  funct ions have been obta ined by o ther

means, i nc l ud ing :

Repl ica t ing a  spec i f ic  s tudy wi th  use o f  new data

Manipulat ing values of the more important variables

Combin ing resu l ts  o f  severa l  s tud ies

Applying "best" and "worst" case assumptions

Bounding ava i lab le  data po in ts .

Repl icat ion and data manipu la t ion are essent ia l ly  empi r ica l

techniques of determining the errors and corresponding confidence

bands. Combining the results of several studies is a rare and

unce r ta i n  oppo r tun i t y ,  i n  l i gh t  o f  t he  g rea t  va r i e t y  o f  cond i t i ons

and popula t ions that  character ize the d i f ferent  e f for ts  (see F igure 33) .

Appl icat ion of 'best" and "worst" case assumptions is more

an argumentat ive  than a  s ta t is t ica l  techn ique. The lower boundary,

or  best  case,  is  es tab l ished by a t t r ibut ing a l l  reasonable  por t ions

of  the e f fec t  to  any p laus ib le  cofactors  and covar ia tes  and assoc ia t ing

on l y  t he  res idua l  e f f ec t s  w i t h  po l l u tan t  exposu re . The upper boundary,

or worst case, is determined by invert ing this procedure and assuming

a minimal impact of other variables. (Finklea, 1973).

Bounding of data points by one or two boundary curves is

ind icated in  cases where the data  po in ts  are  too scat tered to  jus t i fy

p lo t t ing  a  s imple  curve. Such boundar ies  fa l l  shor t  o f  const i tu t ing

a dose-ef fec t  funct ion,  but  do prov ide some idea o f  the range o f  e f fec t .
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Source: NATO, 1974

Figure 33. Ozone Concentration Time Scatter Diagram of 5% Acute
Plant Responses From Over 100 Species and Varieties
Calculated From Data Taken From References; Dotted
Line Approximates an Acute Response Threshold.

6. Mer i ts  and Fai l ings

Proper ly  const i tu ted and qual i f ied dose-ef fec t  funct ions can

serve as va luab le  ins t ruments  in  meet ing the fo l lowing in termedia te

ob ject ives in  the pub l ic  dec is ion-making process:

Popular conceptual izat ion of the threats posed by
var ious leve ls  o f  env i ronmenta l  po l lu t ion and the
beneficial  changes expected from pol lut ion abatement.
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Planning o f  res ident ia l ,  commerc ia l ,  and indust r ia l
development, i nc l ud ing  s i t i ng ,  t r anspo r ta t i on ,  and
u t i l i t i e s

Planning nat ional  and reg ional  po l lu t ion cont ro l
p o l i c y

Estab l ishment  o f  env i ronmenta l  qua l i ty  s tandards
des igned to  protect  pub l ic  heal th  and proper ty .

Unfor tunate ly ,  deve lopment  o f  dose-ef fec t  funct ions has suf fered

f rom a number  o f  fa i l ings which have necessar i ly  l imi ted the i r  potent ia l

r o l e . Among the most sal ient of these are:

I nsu f f i c i en t  da ta ,  r equ i r i ng  da r i ng  ex t rapo la t i ons  o f
a  curv i l inear  funct ion f rom on ly  a  few data po in ts

Lack  o f  p rope r  rep resen ta t i on  o f  t he  unce r ta i n t y  o f
t h e  f u n c t i o n a l  r e l a t i o n s h i p

Fai lure  to  account  proper ly  for  the impact  o f  o ther
pe r t i nen t  va r i ab les  and  f o r  syne rg i s t i c  i n te rac t i ons
among pol lutants

Attempt to represent complex and dynamic relat ionships
by  quas i - l i nea r  and  s ta t i c  f unc t i ons .
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IV. ANALYSIS OF SELECTED FUNCTIONS

This  chapter  prov ides an in-depth ana lys is  o f  se lec ted dose-ef fec t

functions to determine how they could be rendered more val id and useful to

po ten t i a l  use rs . The  f i r s t  sec t i on  i s  devo ted  t o  se l ec t i on  o f  t h ree  f unc -

t ions, whereas the remainder of the chapter contains the analyses of each

function, based on the methodology discussed in the preceding chapter.

A. SELECTION OF FUNCTIONS

Dose-ef fec t  funct ions for  in -depth ana lys is  are  se lected here for  each

of the three major damage categories (health, vegetat ion, and materials) and

two  o f  t he  f i ve  ma jo r  po l l u t an t s  ( pa r t i cu l a tes ,  su l f u r  d i ox i de ,  n i t r ogen

diox ide,  ox idants ,  and carbon monox ide) ,  for  which s ign i f icant  s tud ies have

been car r ied out  on the bas is  o f  the i r  re la t ive  impor tance and va l id i ty .

1. S e l e c t i o n  C r i t e r i a

The impact  o f  a  dose-ef fec t  funct ion on potent ia l  po l icy  dec is ions

may be determined by four  cr i ter ia :

Impor tance o f  e f fec t

Data quant i ty  and compat ib i l i ty

Da ta  qua l i t y

V a l i d i t y  o f  f u n c t i o n .

Importance of effect may be assessed in terms of the result ing loss

to  soc ie t y .  Quan t i t y  and  compa t i b i l i t y  o f  da ta  a re  i n te r re la ted ,

because only data from compatible studies can be legit imately combined

to expand the data base. The notion of compatibi l i ty encompasses expo-

sure and e f fec t  ind ices,  dose ra te ,  target  popula t ion,  geographic  area,

and time frame. Data qual i ty can be judged on the merits of their

source,  prec is ion,  and accuracy. F ina l l y ,  f unc t i on  va l i d i t y  can  be

determined on the basis of how well  the curve f i ts the data, the
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sta t is t ica l  methods used,  and the va l id i ty  o f  assumpt ions used in

est imat ion o f  the funct iona l  re la t ionsh ip ,  as  wel l  as  the cons is tency

and p laus ib i l i ty  o f  the observed assoc ia t ion.

The  re l a t i ve  we igh t i ng  o f  each  c r i t e r i on  i n  t he  se lec t i on

process depends on the category  o f  e f fec ts ,  spec i f ic  ob jec t ives o f

the se lec t ion process, and the sub jec t ive  cons iderat ions o f  the

ana l ys t . For example, in the area of human health, a function report-

ing the impact on mortal i ty may be considered of overr iding importance.

In the area of vegetation damage, crop yield may be of more direct

economic s ign i f icance than leaf  in jury ,  though poor  compat ib i l i ty  o f

the yield data might force the use of a narrow data base. In  t he

mater ia ls  area,  there  is  l i t t le  conf l ic t  between the economic  impor-

tance o f  the e f fec t  and the s ize o f  the data  base.  Th is  is  probably

due to  the fac t  that  mater ia l  e f fec ts  are  more eas i ly  quant i f iab le

from a physical and chemical standpoint.

Analy t ica l  cons iderat ions to  be addressed dur ing in-depth analys is

of damage funct ions include:

Measurement of ambient levels
Determination of dose and dose rate
Select ion and aggregation of dose indices
Determinat ion o f  e f fec ts
Select ion and aggregat ion o f  e f fec t  ind ices
Charac te r i za t i on  o f  popu la t i on -a t - r i s k
V a l i d i t y  o f  d o s e - e f f e c t  r e l a t i o n s h i p
Character izat ion o f  er rors  and uncer ta in t ies
Relat ion to  cr i ter ia  and s tandards
Rela t ion to  o ther  s tud ies .

The damage functions selected are analyzed with respect to these con-

siderat ions and resultant conclusions and the recommendations are formu-

la ted in  the major  sect ions that  fo l low.  The analys is  is  based on the

methodology covered in the preceding chapter.
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2. Select ion Process

Ma jo r  A i r  po l l u tan t s  and  t he i r  e f f ec t s  we re  l i s t ed  i n  Tab le  1 .

The cor responding dose-ef fec t  funct ions that  appear  as l ike ly  can-

d idates for  in -depth analys is  are presented in  Table  23.

Table 23. Candidate Dose-Effect Categories for In-Depth Analysis

Area

Human Health

Vegetat ion

Ma te r i a l s

P o l l u t a n t

Sul fur  ox ides
Sul fur  ox ides
Oxidants
Oxidants
Nitrogen oxides
Nitrogen oxides
Carbon monoxide
Carbon monoxide

Sul fur  ox ides
Oxidants
Oxidants
Oxidants

Pa r t i cu l a tes
Sul fur  ox ides

E f f e c t

M o r t a l i t y
Resp i ra to ry  i l l ness
Impai rment  o f  resp i ra tory  funct ion
E y e  i r r i t a t i o n
M o r t a l i t y
Resp i ra to ry  i l l ness
Aggravat ion o f  hear t  d isease
Behavior impairment

General damage
General damage
L e a f  i n j u r y
Yie ld  reduct ion

Pa in t  de te r i o ra t i on
Meta ls  cor ros ion

A l l  o f  t he  hea l t h  e f f ec t s  l i s t ed  ra te  h i gh l y  unde r  t he  impo r tance

c r i t e r i on ,  w i t h  t he  poss ib l e  excep t i ons  o f  eye  i r r i t a t i on  and  behav io r

impairment. Da ta  quan t i t y  and  qua l i t y  f o r  t he  f i r s t  two  hea l t h  ca tego r i es

are satisfactory, although studies in the second category have been done

for dif ferent geographic areas and populat ion groups and may not be

fu l l y  compa t i b l e . The effects of ni trogen oxides have not received

adequate study. A good epidemiological and toxicological data base

ex is ts  for  the e f fec ts  o f  ox idants  and carbon monox ide.
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The impor tance o f  e f fec ts  o f  a i r  po l lu tants  on vegeta t ion l ies

in the extent of damage which they may cause to the nation's agricul-

tura l  c rops va lued at  near ly  $40 b i l l ion annual ly ,  as  wel l  as  to  the

forests and ornamental plants. Oxidants  are potent ia l ly  the most

damaging pol lutants and the data base for oxidants is very extensive.

However ,  the resu l ts  o f  the many d i f fe rent  s tud ies  are  not  compat ib le ,

because they were performed for dif ferent plant species and under

varying condit ions and exposures. For  th is  reason,  cons iderat ion o f  a

spec i f i c  genus ,  o r  a t  l eas t  t ype  o f  p l an t ,  such  as  p i ne ,  c i t r us ,  o r

tobacco, would be more appropriate. A substantial data base has been

generated for  su l fur  ox ides as wel l . However ,  the e f fec ts  o f  f luor ides

have been invest igated less extens ive ly ,  pr imar i ly  because of  the i r

loca l ized occurrence.

The po l lu tants  impl icated in  damage to  mater ia ls  are  pr imar i ly

pa r t i cu l a tes  and  su l f u r  ox i des . The data base is  severe ly  l imi ted

by the smal l  number  o f  s tud ies,  but  the resu l ts  o f  these are h igh ly

quant i ta t ive  and cover  a  greater  range of  va lues than do s tud ies in

vegeta t ion or  hea l th  e f fec ts . The reason for  th is  is  the greater  oppor-

t un i t y  t o  conduc t  con t ro l l ed  l abo ra to r y  t es t s  o f  t hese  e f f ec t s .  The

ef fec ts  o f  acute  and chron ic  exposure o f  s tee l ,  z inc ,  copper ,  and

aluminum to sulfur oxides have been investigated extensively, under

both ambient  and laboratory  condi t ions.  In  the case of  s tee l  and z inc ,

studies have been conducted in both urban and rural locations. The

only  potent ia l  compat ib i l i ty  prob lems are those assoc ia ted wi th  use

o f  cu r ren t l y  d i squa l i f i ed  a i r  po l l u tan t  mon i t o r i ng  t echn iques  and

exposure o f  d i f ferent  a l loys o f  these meta ls .

I n  l i gh t  o f  a l l  t hese  cons ide ra t i ons ,  t he  f o l l ow ing  t h ree  dose -

ef fec t  funct ions were se lec ted for  in -depth  ana lys is :

Su l f u r  d i ox ide  (o r  su l f a tes )  -  human  mor ta l i t y
Ozone - in jury  to  tobacco leaves
Su l f u r  d i ox ide  (o r  su l f a tes )  -  co r ros ion  o f  z i nc .
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B. EFFECTS OF SULFUR DIOXIDE ON HUMAN MORTALITY

Ef fec ts  o f  su l fur  d iox ide on human mor ta l i ty  represent  the most  in ten-

s i v e l y  s t u d i e d  a r e a  o f  a i r  p o l l u t i o n  e f f e c t s .  T h e  s p e c i f i c  s t u d y  a n a l y z e d

here is among the best in this area. The analysis here fol lows the general

out l ine formula ted in  Sect ion A.

1. Desc r i p t i on

The dose-ef fec t  funct ion,  se lec ted to  represent  th is  po l lu tant -

effect category was original ly presented in 1972 at a Medical Research

Conference and publ ished a year  la ter  by Buechley et  a l . ,  (1972,  1973) .

I t  es tab l i shed  da i l y  SO2 concen t ra t i on  as  a  s i gn i f i can t  p red i c to r  o f

d a i l y  m o r t a l i t y  i n  a  l a r g e , densely  populated,  h igh ly  po l lu ted metro-

po l i t an  a rea . The function is shown in Figure 34 and may be expressed

by the equat ion:

Percent  Residual  Mor ta l i ty  =  0 .00339 (SO2,  tJg/m3)  -  0 .860

The underlying data are displayed in Table 24.

Source: Based on Buechley, 1975

Figure 34. Relationship Between Daily Residual Mortal i ty and
Sulfur Dioxide Concentrat ions for the New York-
New Jersey Metropoli tan Area During 1962-1966; Solid
and Dashed Plots Represent Two Possible Fits.

135



Table 24. Daily Sulfur Dioxide Concentrations and Daily Residual
Mortal i t ies for the New York - New Jersey
Metropolitan Area During 1962-1966

SO2 Concent ra t ion,

i n  pg/m3

15 ( 0 - 30)
45 (30 - 60)
70 (60 - 80)

110 (80 - 140)
170 (140 - 200)
250 (200 - 300)
350 (300 - 400)
450 (400 - 500)
575 (500 - 650)
825 (650 - 1000)

1150 (7000 - 1300)

Durat ion,
in Days

232
120
130
210
212
275
184
203

99
114

47

D a i l y  M o r t a l i t y ,
As Percent Deviat ion

From Mean
- 1.47
- 0.98
- 0.68
- 0.62

0.27
- 0.26

0.76
1.54
1.94
1.85
2.40

Source: Buechley, 7975

2. Determination of Exposure

The area covered by this study was approximately the New York-

New Jersey-Connect icut  a i r  qual i ty  cont ro l  reg ion,  wi th  a  1960 populat ion

of 13,760,112. The measurements of air qual i ty for the entire area

were based on readings from only one air pol lut ion monitoring stat ion

operated near ly  cont inuous ly  dur ing the 1962-1966 per iod:  the 121st

Street Davis Laboratory in Manhattan. Gaps in  the data were f i l led by

reference to  o ther  s ta t ions,  or  by  est imat ion. An analysis by Blade

and Ferrand (1969) of 1957-1968 records for New York City shows that

the Davis Laboratory observations were acceptably representat ive of

readings for  the area and espec ia l ly  o f  re la t ive leve ls . Th i s  i s  no t

unexpected, because the entire area is replete with point and area

sources of S02.

The specif ic measure of concentrat ion was obtained by averaging

hour ly  concent ra t ion readings over  each 24-hour  per iod.  The resu l t ing

variable can be regarded as either an average concentrat ion or a dosage,

since al l  t ime periods were equal. Determination of dose (actual

i n take  o f  po l l u tan t s ) ,  as  d i s t i nc t  f r om dosage  (oppo r tun i t y  t o  t ake

in  po l l u t an t s ) ,  i s  no t  impo r tan t  f o r  t he  pu rpose  o f  t h i s  s t udy ,

because i ts  task  is  to  re la te  var ia t ions in  ambient  concent ra t ions
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t o  hea l t h  e f f ec t s . The averaging process may conceal short concentra-

t ion peaks and y ie ld  er roneous resu l ts  for  acute  e f fec ts .

3 . Determinat ion o f  Ef fec t

The popula t ion a t  r isk  was the ent i re  popula t ion o f  the area and

the measure o f  e f fec t  was to ta l  mor ta l i ty .  Buechley e t  a l .  (1973)  had

analyzed mor ta l i ty  data for  422 loca l i t ies  in  the Uni ted States,  and

the New York study represented a subset of this study for which

acceptab le  a i r  qua l i ty  records were ava i lab le .  The to ta l  number  o f

dea ths  f o r  t he  f i ve - yea r  pe r i od ,  a f t e r  e l im ina t i ng  t he  e f f ec t s  o f

"d isasters"  and " t ime t rends" ,  was 754,219.  A mean da i ly  death ra te

of 413.04 was obtained by dividing this total by the number of days

(1826). Final ly, the observed deaths on a given day were divided by

413 .04  t o  g i ve  t he  mor ta l i t y  r a t i o  f o r  t ha t  day .  Cause -spec i f i c  dea ths

were not considered, with the exception of inf luenza-pneumonia.

The determinat ion o f  e f fec t  was f lawed in  severa l  respects .

F i rs t ,  by  look ing at  da i ly  averages,  the s tudy emphasized acute at  the

expense o f  chron ic  e f fec ts . Obviously, the mean daily death rate and

the mor ta l i ty  ra t io  for  any g iven day were the resul t  o f  many years

of  exposure and the i r  cor re la t ion wi th  da i ly  exposure can on ly  represent

t he  t e rm ina l  s t ep  i n  t ha t  p rocess .  Conve rse l y ,  t he  e f f ec t  o f  an

exposure on any g iven day is  l ike ly  to  be re f lected in  a  death occurr ing

y e a r s  l a t e r .

Moreover ,  the s tudy fa i led to  account  for  ind iv idua l  d i f ferences

in  suscept ib i l i ty  among the var ious c lasses o f  the popula t ion a t  r isk .

The effects of SO2 exposure would be expected to impact most severely

on cer ta in  c lasses o f  the popula t ion,  such as in fants ,  the aged,  heavy

smokers, and sufferers from advanced pulmonary or cardiovascular disease.

The funct ion for  these c lasses would  a lmost  cer ta in ly  ind icate  a  h igher

level of damage and a dif ferent slope. Such a ref inement would have

fur ther  va l idated the resu l ts  o f  the s tudy by not ing whether  e f fec ts

fol low the expected trend, and would have afforded useful addit ional

i n f o rma t i on  t o  po ten t i a l  use rs . A similar argument could be made for

t he  des i rab i l i t y  o f  spec i f y i ng  t he  cause  o f  dea th .
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4. Est imat ion o f  Dose-Ef fec t  Rela t ionsh ip

Mul t ip le  regress ion analys is  was used to  est imate the ind iv idua l

cont r ibut ions o f  a  number  o f  var iab les  to  the mor ta l i ty  ra t io . The

fo l l ow ing  cova r i a tes  we re  i den t i f i ed :

Major covariates

-  A n n u a l  c y c l e
-  Ext reme heat

In termedia te  covar ia te

-  I n f l uenza  ep idem ics

Minor covariates

- Warm and cold weather
- Holidays (Christmas and New Year only)
-  Day of  week
-  S u l f u r  d i o x i d e
-  C o e f f i c i e n t  o f  h a z e .

Other cofactors were tested without success.

Wi th  the o ther  covar ia tes  cont ro l led,  su l fur  d iox ide was a

s i g n i f i c a n t  p r e d i c t o r . Table 23 shows that mortal i ty was 1.5 percent

less than expected on 232 days with SO2 concentrations below 30 ug/m3,

and 2 percent greater than expected on 260 days with SO2 concentrat ions

above 500 pg/m3. However, the coeff icient of haze and smoke for

7965-1966 did as well  as SO2 in predict ing deaths.

The use o f  SO2 concent ra t ion as the index of  a i r  qua l i ty  does

no t  imp l y  a  d i r ec t  causa l  r e l a t i onsh ip  w i t h  mor ta l i t y .  Tox i co log i ca l

ev idence po in ts  to  the fac t  that  S02, ac t ing a lone a t  these leve ls ,

is  no worse than a  mi ld  i r r i tant . Other  ev idence ind icates that

sulfates, which may be formed from the SO2,  are much more toxic,

that  there ex is ts  an assoc ia t ion between su l fa tes  and mor ta l i ty ,  and

p a r t i c u l a t e s  c a n  h a v e  a  s y n e r g i s t i c  e f f e c t .  I t  i s ,  t h e r e f o r e ,  q u i t e

l ikely that, in showing an associat ion with mortality,S02  measurements

are act ing as a  proxy for  su l fa tes,  for  SO2 and par t icu la tes,  or  perhaps

for some other species.
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These cons iderat ions res t r ic t  the app l icab i l i ty  o f  the damage

func t i on  i n  l oca t i ons ,  whe re  t he  d i s t r i bu t i on  o f  po l l u t an t s  may  d i f f e r

s i g n i f i c a n t l y  f r o m  t h a t  p r e v a i l i n g  i n  t h e  a r e a  u n d e r  s t u d y .  I f  t h e

s y n e r g i s t i c  e f f e c t  o f  SO2 w i t h  p a r t i c u l a t e  p o l l u t i o n  i s  i m p o r t a n t ,

t he  f unc t i on  may  no t  app l y  i n  a reas  o f  d i f f e ren t  pa r t i cu la te  po l l u t i on

l e v e l . S im i l a r l y ,  t he  ra te  o f  f o rma t i on  o f  su l f a tes  and  t he i r  p rec i se

composi t ion are  a f fec ted by env i ronmenta l  fac tors  which d i f fe r  f rom

place to  p lace. F ina l l y ,  SO2 i s  an  adequa te  p roxy  f o r  o the r  po l l u tan t s

on l y  i nso fa r  as  t he i r  r e l a t i ve  em iss ion  ra tes  and  d i s t r i bu t i ons  a re

s i m i l a r .

5. Disp lay of  Resul ts

The data po in ts  in  F igure 34 can be f i t ted reasonably  wel l  by

a  s t r a i gh t  l i ne ,  cons ide r i ng  t he  l im i t a t i ons  o f  t he  da ta  base . However,

an even bet ter  f i t  i s  a  por t ion o f  the c lass ic  S-shaped curve,  and

in  fac t ,  the authors  p lo t ted the resu l ts  as  a  logar i thm of  the dose

vs.  a  l inear  measure o f  e f fec t .

The form of  the re la t ionsh ip  a t  the lower  concent ra t ions is  o f

s p e c i a l  i n t e r e s t . The l inear  p lo t  exh ib i ts  no threshold ,  which impl ies

that  benef i ts  f rom reduced po l lu t ion cont inue down to  zero concent ra t ion.

This suggests that inducement of death through acute aggravation of

morbid conditions may not be the typical damage mechanism and that the

assoc ia t ion of  da i ly  po l lu t ion in to  same-day mor ta l i ty  may have more

complex antecedents.

6. Rela t ionsh ip  to  Other  Stud ies

Glasser and Greenburg (1971) attempted to explain deviat ions in

New York Ci ty 's  da i ly  mor ta l i ty  f rom a f ive-year  "normal"  on the bas is

of  su l fur  d iox ide and smoke shade as measures o f  a i r  po l lu t ion,  as  wel l

as  a  number  o f  c l imato log ica l  var iab les .  Wi th  the a id  o f  a  regress ion

ana l ys i s ,  t hey  f ound  a  de f i n i t e  re la t i onsh ip  be tween  da i l y  mor ta l i t y

and  a i r  po l l u t i on , as measured pr imar i ly  by su l fur  d iox ide. The

analys is  a lso inc luded ra in fa l l ,  w ind speed,  sky cover ,  and temperature

dev ia t ions as exp lanatory  var iab les.
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In a study of New York City data between 1963 and 1968,

Schimmel and Greenburg (1972) obtained a similar estimate of the

SO2 e f f e c t  u s i n g  s l i g h t l y  d i f f e r e n t  a n a l y t i c  t e c h n i q u e s .  T h e y

concluded that there were 10,000 deaths per year (12 percent of al l

deaths) in New York City "which would not have occurred at the time

they did i f  there had been no pol lut ion on the day of death or

immediately preceding days".

Lave and Seskin (1973) studied the relat ionship between mortal i ty

ra tes and a large ar ray o f  env i ronmenta l ,  b io log ica l ,  and soc io-economic

factors  in  117 s tandard metropo l i tan s ta t is t ica l  areas.  They found

a substant ia l  cor re la t ion between suspended par t icu la tes  and su l fa tes

and mortal i ty and concluded that a 10 percent reduction in each

pollut ion measure would reduce the mortal i ty rate by 0.9 percent.

A comprehensive U.S. EPA report observed that aggravation of

symptoms has been repeatedly demonstrated at dai ly SO2 levels wel l

be low the ind icated threshold  for  excess mor ta l i ty .  Heal th  consequences

ranging from functional changes preceding disease to death i tself  have

been associated with SO2 exposures in the range of 80-120 Fig/m3

for one or more days. Dai ly  su l fa te  leve ls  in  the 7-14 yg/m3 range

have been associated with aggravation of symptoms in part icularly

vu lnerab le  popula t ion groups.

Final ly, i t  should be noted that both Buechley and Schimmel

are  in  the process o f  rev is ing the i r  es t imates o f  the quant i ta t ive

impact  o f  po l lu t ion on mor ta l i ty ,  which they now be l ieve to  be

s u b s t a n t i a l l y  l e s s ,  t h o u g h  s t i l l  s i g n i f i c a n t  ( B u e c h l e y ,  1 9 7 5 ) .  T h i s

in no way affects the value of the dose-effect function developed by

Buechley e t  a l .  as  an i l lus t ra t ion o f  ana ly t ica l  methods and of

some typical strengths and l imitat ions of such work.

The air quali ty cri teria published by NAPCA (1969) and updated

by NATO (1971) are based on epidemiological studies which indicate

that mortality increases may be observed above 500 pg/m3 (24-hour mean

value)  in  the absence of  heavy par t icu la te  po l lu t ion,  and at  va lues

as low as 115 ug/m3 in smoky air. The corresponding standards are a

24-hour mean of 365 pg/m3 and an annual arithmetic mean of 80 ug/m3.
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In the present dose-effect funct ion, a 24-hour mean of 365 US/m3

corresponds to an excess death rate of 0.4 percent with respect to

the "normal"  base l ine.

An est imate of the annual mean corresponding to the 24-hour

maximum value of 365 ug/m3,

i s  93  pg/m3.

based on New York City data for 1973,

This is in fair  agreement with the annual mean

standard of 80 ug/m3. The  f unc t i on  i nd i ca tes  t ha t ,  i f  t h i s  s t anda rd

had prevai led in  the years  1962-1966,  the res idual  mor ta l i ty  basel ine

would have been about 0.6 percent lower.

7. Conclusions and Recommendations

The foregoing analys is  suggests  the fo l lowing conc lus ions:

The dose-ef fec t  funct ion shows a va l id  re la t ionsh ip
between dai ly  res idual  mor ta l i ty  and dai ly  SO2 concen-
t ra t ion for  New York Ci ty  dur ing 1962-1966,  despi te
the l imi ta t ions o f  the data  base and analys is

The most serious defects of the study (which were
genera l ly  recognized by the invest igators)  are the
s ing le  moni tor ing s ta t ion and the use o f  a  po l lu tant
which is  probably  not  the causal  fac tor

The function may be an acceptable predictor for
other places and t imes, b u t  i t s  a p p l i c a b i l i t y  w o u l d
requi re  env i ronmenta l  and popula t ion fac tors  s imi lar
to  those encountered dur ing th is  s tudy

The funct ion does not support the existence of a
th resho ld

Fur ther  deve lopments  a long s imi lar  l ines,  w i th  a  more
de ta i l ed  c l ass i f i ca t i on  o f  t he  popu la t i on  a t  r i s k  and
spec i f i ca t i on  o f  t he  cause  o f  dea th ,  a re  h i gh l y
des i rab le .

Consequently, the fol lowing act ions are recommended:

Mon i t o r i ng  o f p a r t i c u l a t e ,  a n d  s u l f a t e  l e v e l s  a t
a  suf f ic ient  number  o f  s ta t ions to  have a  demonst rab ly
representat ive measure o f  a i r  qua l i ty
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Deta i led analys is  o f  the heal th  e f fec ts  as a
funct ion o f  exposure to  su l fur ic  ac id ,  ac id  and
me ta l  su l f a tes ,  and  pa r t i c l e  s i ze

Spec ia l  a t tent ion to  condi t ions a t  and be low the
na t i ona l  a i r  qua l i t y  s tanda rds

Charac te r i za t i on  o f  t he  popu la t i on  a t  r i s k ,  w i t h
emphasis on age, race, general health, smoking habits,
and occupation

Addi t ion o f  o ther  hea l th- re la ted damage funct ions,
inc lud ing aggravat ion of  symptoms in  chron ica l ly  i l l
persons, impairment of lung function in healthy and
i l l  p e r s o n s ,  and cont r ibut ions to  the inc idence o f
acute and chron ic  resp i ra tory  d isease in  var ious
populat ion subgroups

Co l l ec t i on  o f  cause -spec i f i c  mo r ta l i t y  da ta .
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C. OXIDANT INJURY TO TOBACCO LEAVES

Th is  sec t i on  p resen ts  an  i n -dep th  ana l ys i s  o f  t he  i n j u r y  t o  t obacco

leaves produced by elevated oxidant levels. The analysis fol lows the gene-

ra l  out l ine formulated in  Sect ion A.

1. Descr ip t ion

Invest igat ions des igned to  character ize in jury  to  tobacco leaves

by oxidants and related factors have been conducted by Heck et al.  (1966),

Menser and Heggestad (1966), Turner et al. (1972), Heagle and Heck (1974),

and Taylor and Rich (1974). These studies were conducted under dif ferent expo-

sures,  exper imenta l  cond i t ions, and measures of leaf injury, which makes

i t  v e r y  d i f f i c u l t t o  r econc i l e  t he  da ta  o r  t o  i n t eg ra te  t hem i n to  a  se l f -

consistent damage func t i on .

The funct ion selected for the present analysis was developed by Heck

e t  a l .  ( 1 9 6 6 )  f o r the Bel W-3 cult ivar of tobacco (Nicot iana tabacum L.).

The graph of the function, shown in Figure 35, provides a vivid demonstra-

t ion  o f  the d i f fe rent  e f fec ts  o f  the concent ra t ion and t ime e lements  o f

exposure on leaf  in jury ,  permi t t ing the in terpreta t ion o f  both  chron ic  and

acute  e f fec ts . Two equal-dose curves are indicated for 20 and 40 pphm-hrs.

Source: Heck et al. ,  1966

Figure 35. Relationship Between Oxidant Exposure and Injury
to Bel W-3 Tobacco Leaf

143



2. Determination of Exposure

The plants were grown in controlled environment chambers ap-

p rox ima t i ng  f i e l d  cond i t i ons , i nc lud ing  ozone  l eve l s ,  r e l a t i ve  hu -

mid i ty ,  and temperature. Exposures were made at 0.1, 0.2, 0.3, and

0.55 ppm for periods of 1/2, 1, 2, and 4 hours. Each exposure was

rep l i ca ted  f ou r  t imes , to produce the equivalent of four days' expo-

sures , and administered to four plants, to achieve more representa-

t i v e  r e s u l t s .

Ozone levels were measured with a coulometric MAST recorder

which reads out the current necessary to maintain a constant hal ide

concentration in a solution where the ozone has been absorbed. Wi th -

in  a  cer ta in  range, the magni tude of  the cur rent  is  d i rec t ly  propor-

t ional to the amount of ozone absorbed. However, freshly generated

ozone released and mixed with air may form other unmeasured and un-

reported oxidants, making the oxidant readings too low.

As  was  t he  case  w i t h  hea l t h  e f f ec t s ,  i t  i s  no t  p rac t i ca l ,  no r

even necessary to determine a dose that is dist inct from the dosage,

i f  experimental condit ions remain basical ly the same or can be as-

sumed to cancel out among populations. Differences between, these

quant i t ies  are  due to  evapot ransp i ra t ion,  which forms a pro tec t ive

barr ier,  air  movement past the leaf surface, which has the opposite

ef fec t ,  and re la t ive  humid i ty ,  which regu la tes the opening o f  the

p lant 's  s tomata and may a f fec t  the p lant 's  suscept ib i l i ty  as  wel l .

The concentrat ion element of exposure is expressed in parts

per hundred mil l ion (pphm), the t ime - in average number of hours

in each of four days, and exposure - as product of concentrat ion

and time, or pphm-hours. It must be assumed that the dosage was

kept constant for the duration of each exposure by some regulatory

mechanism. However ,  in  f ie ld  s i tuat ions,  dosage exh ib i ts  both  hour ly

and dai ly f luctuations and average concentrat ions may represent a

poor approximation. Moreover, Heagle and Heck (1974) have shown

that various exposures to oxidants produce varying predisposit ions

of the plant to greater injury from subsequent exposures.
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3. Determinat ion o f  Ef fec ts

The leaf  in jury  was mani fes ted in  the form of  f lecks,  which

make the leaf  undes i rab le ,  or  unacceptab le ,  as  c igar  wrapper .  In

t h i s  case ,  t he re fo re ,  t he re  ex i s t s  a  d i r ec t  co r re l a t i on  be tween  i n -

jury and damage, or economic loss. The injury is measured in terms

of  an index,  which is  presumably  based on the f rac t ion o f  the leaf

sur face covered by the f lecks,  but  o therwise is  not  c lear ly  def ined.

The f leck injury to tobacco leaves by oxidants may be caused

by induced chemica l  in teract ions in  the pa l isade and mesophy l l  ce l ls

leading to accumulat ion of toxic substances, degradation of cel l  membranes,

and/or disruption of enzyme production. Extensive injury can decrease

substant ia l ly  the p lant 's  photosynthet ic  capac i ty  and reduce i ts  growth.

The effect index selected by Heck et al.  is based presumably on the

f rac t i on  o f  l ea f  su r f ace  a rea  cove red  by  t he  f l ecks .  O the r  i nd i ces  l i s t ed

below provide a less subject ive, though not necessari ly more appropriate,

measure of damage:

Reduction of leaf growth rate
Reduction of photosynthesis
Reduction of stomatal conductance.

The las t  two ind ices re f lec t  a  s imi lar  measure,  s ince gas exchange l imi -

ta t ions in  the s tomata a f fec t  the photosynthet ic  process.  Moreover ,

changes in  the ef f ic iency of  energy ut i l i za t ion by the p lant 's  metabol ic

processes may compensate for the loss of photosynthetic capacity to some

ex ten t . Thus,  reduct ion in  leaf  growth ra te  appears  to  prov ide the opt i -

mal measure.

Although tobacco represents economical ly the seventh most im-

por tant  c rop p lant ,  the Be l  W-3 cu l t ivar  is  not  a  commerc ia l  var ie ty ,

but  a  research s t ra in  wi th  a  h igh suscept ib i l i ty  to  ozone.
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Cult ivars 6590 and Connecticut 49 are considered moderately

sens i t ive ,  and cu l t ivar  6524 is  ozone to lerant .  The s tudy g ives no

ind i ca t i on  o f  t he  va r i a t i on  i n  e f f ec t s  be tween  d i f f e ren t  p l an t s  o f

the Bel  W-3 var ie ty . Th i s  va r i a t i on  can  be  due  t o  gene t i c  va r i ab i l i t y ,

d i f fe rent  growth s tages,  and vary ing env i ronmenta l  condi t ions,  such

as  so i l  cha rac te r i s t i c s  and  l ea f  m i c roc l ima te .

4. Va l i d i t y  o f  Dose -E f fec t  Re la t i onsh ip

The graph in Figure 35 lends an informative representat ion of the

effect of the concentrat ion and t ime elements of oxidant exposure on

tobacco  l ea f  i n j u r y . I t  provides a vivid demonstrat ion that dosage

alone is not a suff ic ient measure of exposure.

The val idi ty of the specif ic damage funct ion. presented as far as

i t  goes , should  be ra ther  good,  s ince i t  i s  based on resu l ts  o f  con-

t r o l l ed  expe r imen ts . One major  f law,  in  l igh t  o f  recent  ind icat ions

of serious damage under these condit ions, is the lack of long-term

exposures to low concentrat ions under 10 pphm. A more defini t ive

judgment  would  requ i re  in format ion on var iance of  ind iv idua l  resu l ts

f o r  t he  d i f f e ren t  p l an t s ,  as  we l l  as  an  ana l y t i ca l ,  o r  a t  l eas t

v isua l ,  measure o f  the f i t  o f  the  curves wi th  respect  to  the data

po in t s .

However ,  the ex tent  to  which th is  l imi ted funct ion represents  the

more general relationship between oxidant exposure and damage to tobacco

is  sub ject  to  a l l  o f  the reservat ions expressed ear l ie r ,  namely :

Uncertain relationship between ozone measurements and
ox idant  concent ra t ion

Fa i l u re  t o  i so l a te  t he  e f f ec t s  o f  me teo ro log i ca l  f ac to r s
A r t i f i c i a l  f l a t t e n i n g  o f  c o n c e n t r a t i o n  f l u c t u a t i o n s
Subjective measurement of damage
Fa i l u re  t o  cha rac te r i ze  unce r ta i n t i es .

The nat ional  pr imary and secondary a i r  qual i ty  s tandard for  photo-

chemical oxidants is a one-hour maximum of 0.08 ppm not to be exceeded

more than once per year. According to the meager data avai lable, these

standards are exceeded frequently in rural areas. The funct ion suggests
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that this may cause substantial  damage to the more sensit ive

va r i e t i es  o f  t obacco .

5. Relat ion to Other Studies

Other  invest igat ions o f  the re la t ionsh ip  between ox idant  exposure

and injury to tobacco leaves were conducted by Menser and Heggestad (1963),

Heagle and Heck (1974), Turner et al. (1972), and Taylor and Rich (1974),

and covered the fo l lowing top ics :

Synerg is t ic  e f fec ts  o f  ozone and SO2
Pred i spos i t i on  o f  p l an t  t o  ozone  i n j u r y
Compara t i ve  sens i t i v i t y  o f  d i f f e ren t  va r i e t i es
Effects of acute versus chronic exposure
Protective measures against ozone exposure.

Menser and Heggestad (1966) reported a synergist ic effect of sulfur

dioxide with ozone, producing f leck symptoms. However, problems with the

avai lab le  measurement  techniques at  the t ime render  the i r  f ind ings h igh ly

t e n t a t i v e . Heagle and Heck (1974) exposed tobacco plants to ozone during

an eight week period and reported that exposure to ozone predisposes the

plant to injury upon subsequent exposures, a l though i t  i s  not  c lear  how

this conclusion was reached on the basis of the reported data.

Turner  e t  a l . (1972) conducted exposure measurements in ambient and

f i l t e red  (p resumab ly  ozone - f ree  a i r )  on  f ou r  cu l t i va r s ,  i nc l ud ing  Be l  W-3 ,

over  the ent i re  season dur ing a three year  per iod.  They found that ,  in  f i l -

tered a i r ,  the ozone-sens i t ive  Bel  W-3 var ie ty  grew ta l le r  and heav ier  and

had larger  leaf  area than the more ozone- to lerant  var ie t ies . In ambient

a i r ,  on the other  hand,  the Bel  W-3 var ie ty  had a s ign i f icant ly  lower  y ie ld .

Wi th  the leaf  area decreas ing and the amount  o f  f leck in jury  increas ing

subs tan t i a l l y  i n  t he  un f i l t e red  a i r ,  t he  resu l t i ng  pe rcen tage  o f  f l eck  i n j u r y

for the Bel W-3 variety grew by a factor of nine from less than 10 percent

i n  f i l t e red  a i r  t o  more  t han  80  pe rcen t  i n  un f i l t e red  a i r . When reduction

in  leaf  area is  fac tored in  once again  to  determine the to ta l  amount  o f

usable leaf area, the total damage is assessed at 96 percent. Th i s  i s

i l l u s t r a t e d  i n  F i g u r e  3 6 .
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Source: Turner  e t  a l . ,  1972

Figure 36. Comparison of Leaf Area ( left) and Dry Weight (r ight)
o f  Severa l  Tobacco Cul t ivars  in  F i l tered (F)  and
U n f i l t e r e d  ( U )  A i r

The dosages to which the plants were exposed in the previous experi-

ments during the two growing seasons can be determined, with the aid of

avai lable data on prevai l ing ambient oxidant levels, at 7.75 and 8.25

ppm-hours ,  respect ive ly . However, Heck et al. (1966) showed that an

equivalent damage could be produced by an acute exposure for four hours

to  a  concent ra t ion o f  0 .6  ppm,  for  a  to ta l  dosage o f  2 .4  ppm-hours .  Th is

indicates that an acute dosage can produce the same damage as a much lar-

ger chronic dosage and that significant damage can occur over a growing

season even at ambient levels below the national air qual i ty standard.

Final ly, Taylor and Rich (1974) measured the reduction of ozone

in jury  to  tobacco resu l t ing f rom t reatment  o f  the p lant  w i th  systemic

fung ic ides. Leaf fleck was measured two days after high peak ozone con-

cent ra t ions on both  t reated and unt reated p lants .  The fung ic ide t reatment

was found to reduce fleck damage by 77 percent, although stomatal openings

were not affected.
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6. Conclusions and Recommendations

Wi thout  doubt ,  the major  prob lem wi th  th is  ent i re  area o f  inqu i ry

is  the lack o f  coord inat ion among the ind iv idua l  e f for ts . Wi th  d ispara te

ob jec t i ves , experimental condit ions, pol lutant and effect measurement

techniques,  and repor t ing s ty les , i t  becomes exceeding ly  d i f f icu l t  and

frustrat ing to draw any comprehensive and val id conclusions which are

necessary to assess total economic damages and undertake judicious cor-

r ec t i ve  ac t i on . Th is  lack o f  a  cent ra l ized gu idance and coord inat ion

appears responsible for most of the f laws explored in the preceding sec-

t i o n s .

In spite of these shortcomings, the damage function developed by

Heck et al.  can be very. useful in i ts present form and as a basis for

addi t iona l  research. Spec i f ic  mer i ts  are  l i s ted be low:

Demonst ra tes a  va l id  quant i ta t ive  re la t ionsh ip  between var ious
exposures to oxidant levels and injury to Bel W-3 tobacco leaves

Prov ides  a  v i v i d  g raph i c  i l l u s t r a t i on  o f  t he  re l a t i ve  e f f ec t s
of acute and chronic exposures

Served as a  s tar t ing po in t  for  add i t iona l  invest igat ions which
w i l l  even tua l l y  p rov ide  a  quan t i t a t i ve  cha rac te r i za t i on  o f  t he
relat ionship between ozone exposure and tobacco injury and
y i e l d  l o s s .

Consequently, the fol lowing act ions are recommended:

Estab l ishment  o f  gu ide l ines and cr i te r ia  for  conduct ing
research on e f fec ts  o f  a i r  po l lu tants  on vegeta t ion

Col lec t ion o f  more complete  data  on ox idant  leve ls  in
rura l  areas

Development of more precise and appropriate damage measure-
ment techniques

De f i n i t i on  o f  t he  syne rg i s t i c  e f f ec t s  o f  po l l u t an t s ,  such
as ozone and SD2 and meteorological factors

Discussion of the experimental assumptions and uncertaint ies
i n  t he  resu l t s .
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D. EFFECT OF SULFUR DIOXIDE ON CORROSION OF ZINC

This  las t  sect ion analyzes the re la t ionsh ips between su l fur  d iox ide and

humid i ty  leve ls ,  on one hand,  and the cor ros ion ra te  o f  z inc ,  on the o ther .

The analys is  fo l lows the s tandard out l ine formulated in  Sect ion A.

1. Descr ip t ion

The impor tance of  z inc  l ies  pr imar i ly  in  i ts  use as a  coat ing for

s tee l  t o  he lp  r es i s t  co r ros i on . The coating may be applied through

ho t  d i pp ing  (ga l van i za t i on )  as  e lec t rop la t i ng .  Co r ros ion  o f  z i nc  and

z inc-coated products  accounts  for  a  nat iona l  annual  loss o f  near ly

$ 1  b i l l i o n . A dose-ef fec t  funct ion for  z inc-coated s tee l  would  have

a def in i te  threshold  up to  an exposure leve l  cor responding to  the

breaching o f  the z inc  layer ,  whereupon the dose-ef fec t  funct ion for

s tee l  would  govern the re la t ionsh ip .

The damage function selected here was developed by Haynie and

Upham (1970), from results of a series of control led experiments in

eight ci t ies over a period of up to 64 months (see Figure 37). I t

expresses a l inear relat ionship between an atmospheric factor composed

of  SO2 concent ra t ion and re la t ive humid i ty ,  on one hand,  and corros ion

rate  o f  z inc ,  in  micrometers  per  year  (um/yr), on the o ther .  The authors

conclude that SO2 is a major cause of zinc corrosion in a non-marine

env i ronment  and that  a  re la t ive  humid i ty  in  excess o f  a  va lue jus t  under

50 percent is required before SO2 attack can become effect ive.

The experimental procedure may be outl ined as fol lows. Small  panels

of high grade 0.06 inch zinc sheet were cleaned, weighed, and exposed to

ambient  a i r . Five groups of f ive panels each were exposed to periods of

4, 8, 16, 32, and 64 months, in Chicago, Cincinnati ,  Detroit ,  Los Angeles,

New Orleans, Phi ladelphia, San Francisco, and Washington. Fol lowing ex-

posure, the panels were cleaned to remove corrosion products and weighed

again to determine weight loss. The latter was then converted to corro-

sion rate by applying a conversion factor and dividing by exposure t ime.
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Source: Haynie and Upham, 1970

Figure 37. Relat ionship Between SO2 and Relative Humidity
and the Corrosion Rate of Zinc

2. Determination of Exposure

In the case of materials damage, the dist inct ion between dose and

dosage is moot since no protect ive mechanisms are in operat ion. Moreover,

the dose rate was determined not to be important for these long exposure

per iods by compar ing resu l ts  f rom d i f ferent  c i t ies ,  w i th  vary ing concen-

t r a t i o n s . Thus,  the t ime fac tor  cou ld  be incorporated in  the cor ros ion

rate ,  the dependent  var iab le .

The eight urban exposure sites were general ly located near the Fed-

era l  Cont inuous Ai r  Moni tor ing Program (CAMP) s ta t ions,  or  the i r  s ta te

o r  l oca l  equ i va len t s , and SO2 data were obtained from these stat ions.

The SO2 measurement techniques at the CAMP stations were not specified

in the report,  but those in common use today are the calorimetr ic gas

bubbler  employ ing pararosani l ine-su l famic  ac id ,  for  da i ly  leve ls ,  and

a conductance meter, for the hourly values. Concent ra t ions repor ted in

ppm were converted to pg/m3 by applying a conversion factor of 2620 which

holds approximately at 25°C.

151



Relative humidity above 48.8 percent was found to be a major factor

in the damage produced, whi le temperature did not contr ibute substan-

t i a l l y .  The authors observed that these f indings are consistent with the

concept  o f  a  react ion ra te  cont ro l led by the d i f fus ion o f  a  low concen-

tration species to the reaction site. Relat ive humidity data were obtained

from the weather stat ion nearest to each exposure si te.

The SO2 concentrat ion and relat ive humidity were combined into an

atmospher ic  fac tor  expressed ass02  (RH -  48.8) ,  where SO2 is  the con-

cent ra t ion o f  SOpin us/m3 and RH is  the percent  re la t ive humid i ty .  The

a tmosphe r i c  f ac to r  does  no t  r e f l ec t  t he  l i ke l y  e f f ec t  o f  su l f a tes ,  bu t

as long as the SO2/sulfate  sect ion remains invar ia te , SO2 c oncentration

can serve as a proxy for both compounds.

3. Determinat ion o f  Ef fec t

Corrosion of zinc by SO2 and moisture appears to take place with the

breakdown of  the pro tect ive  carbonate f i lm,  d i f fus ion to  the react ion

s i te ,  and react ion wi th  the meta l  to  form a so lub le  z inc  su l fa te ,  wh ich

was washed away.

The effect was measured in terms of weight loss in grams, which

was related to loss of thickness in micrometers by applying a conver-

s i on  f ac to r  o f  4 . 4  pm/g. Th i s  pe rm i t s  t he  ca l cu la t i on  o f  t he  use fu l  l i f e -

t ime o f  the 53 pm z inc  coat ing,  and hence,  o f  the coated product .  The

na t i ona l  a i r  qua l i t y  s tanda rd  f o r  su l f u r  d i ox ide  i s  an  annua l  a r i t hme t i c

mean of 80 pg/m3. Assuming a typ ica l  re la t ive humid i ty  o f  65 percent ,

th is  y ie lds  an a tmospher ic  fac tor  o f  approx imate ly  1300,  which cor res-

ponds to  a  cor ros ion ra te  o f  1 .3  urn/year,  or  a  coat ing l i fe t ime of

40 years.

The invest igators  prov ided suf f ic ient  rep l ica t ions in  each exposure

group to determine variance among individual samples. However, there

was no indicat ion how representat ive the zinc sheet used in the experi-

ment was of the total populat ion of zinc sheet and, more importantly, of

z inc  coat ing.  Z inc coat ing would sure ly  behave d i f ferent ly  than z inc

shee t ,  due  t o  a  d i f f e ren t  c r ys ta l  s t r uc tu re  and  ga l van i c  e f f ec t s  a t

t he  z i nc - s tee l  i n t e r f ace .

152



4. Va l i d i t y  o f  t he  Dose -E f fec t  Re la t i onsh ip

The damage function in Figure 37 was derived as a simplicat ion of

one  p roposed  by  Gu t tman  (1968 ) .  H i s  f o rmu la t i on  was

where,

Y = z inc  co r ros ion  ra te

RH =  ave rage  re la t i ve  humid i t y

so* = average su l fur  d iox ide concent ra t ion

k =  p r o p o r t i o n a l i t y  c o n s t a n t

RHO = threshold  re la t ive  humid i ty  be low which no cor ros ion occurs

B =  f ac to r  p rov id i ng  f o r  co r ros ion  i n  t he  absence  o f  SO2.

Upon being arranged for mult iple regression the equation becomes

Y = bORH x SO2 + bTRH + b2S02 + b3,

where b0 = k, b 1 = kB, b2 =-kRHD, and b3 =-kBRHO.

Resul ts  o f  the regress ion ana lys is  show that ,  a t  the 99 percent  conf idence

leve l ,  on l y  SO2 concen t ra t i on  and  SO2 i n te rac t i ng  w i t h  re l a t i ve  hum id i t y

a r e  s t a t i s t i c a l l y  s i g n i f i c a n t . Factor ing the equat ion in to  S02-dependent

and independent terms in the form of

Y = .00104(RH-49.4)S02  - .00664(RH-76.5)

makes this more obvious. Here i t  can be seen that  for  normal  re la t ive

humidit ies in the range of 50-80 percent the magnitude of the last term

is 0.2 or less, which can be general ly considered negl igible, when com-

pared to the S02-dependent  terms.

A second multiple regression using only the SO2 dependent terms was

performed on the equation

Y =  bORH x  SO2 +  blS02
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This step produced the atmospheric factor of [(RH-48.8)S02]  which is

d i r ec t l y  p ropo r t i ona l  t o  t he  co r ros ion  ra te .

The authors  s ta te  that  th is  s imple  re la t ionsh ip  accounts  for  92 per -

cent  o f  the var iab i l i ty  o f  the average cor ros ion ra tes and that  the more

complex equation given by Guttman does not yield a better f i t .  Our own

analys is  bears  out  the f i t  o f  the l inear  equat ion,  y ie ld ing an r -va lue of

0.96.

The general range of the data, and hence of the damage function,

is good, because i t  spans both the national standard and prevalent ambient

values. Th i s  pe rm i t s  va l i d  i n t e rpo la t i on  o f  mos t  i n f o rma t i on  o f  po ten -

t i a l  v a l u e .

The major errors of measurement are associated with SO2 measure-

ments at the CAMP stations and relationship between those values and

ambient levels at the exposure si tes. Unfor tunate ly ,  ne i ther  component

er ror  is  known.  Measurements  o f  re la t ive  humid i ty ,  exposure t imes,

and corrosion rate are considered quite accurate.

5. Relat ion To Other Studies

Other  invest igat ions o f  the re la t ionsh ip  between su l fur  d iox ide le-

vels and the corrosion rate of zinc were conducted by Guttman (1968) and

Dunbar  (1968) ,  cover ing the e f fec ts  o f  wetness and d i f fe rent ia l  sens i t i -

v i t y  o f  d i f f e ren t  g rades  o f  z i nc .

Gut tman (1968)  was the f i rs t  to  repor t  that  su l fur  d iox ide,  re la-

t ive  humid i ty ,  and to  some extent ,  temperature  a f fec ted cor ros ion o f  ro l led

zinc and laid the foundation for the Haynie and Upham study. The experi-

mental procedure involved measurement of the time of wetness of exposed

panels using a dew detector. The results showed a correlat ion between t ime

of wetness and corrosion rate. Dunbar (1968) tested three grades of zinc

ranging in  pur i ty  f rom 99 to  99.99 percent  and found no s ign i f icant  d i f fer -

ence in weight loss at any exposure site. This suggests that the damage

function in Figure 37 holds for a wide range of zinc grades, although not

necessar i ly  for  z inc  coat ings.
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Haynie and Upham (1971) investigated the corrosion rate of steel

at the same site used in the zinc survey. They measured grades up to 40

pm/year ,  or  f ive  t imes the h ighest  ra te  observed in  the case o f  z inc .

Th i s  subs tan t i a t es  t he i r  asse r t i on  t ha t  t he  use fu l  l i f e  o f  ga l van i zed  s tee l

ends when the zinc coating has been beached.

6. Conclusions and Recommendations

Character izat ion o f  the re la t ionsh ip  between po l lu tant  leve ls  and

materials damage is devoid of many of the problems that plague similar

efforts in the human health and vegetat ion damage areas. These include

the relat ionship between dose and dosage, control of experimental con-

d i t ions,  and a complex character izat ion o f  the popula t ion a t  r isk .  Some

of the problems, however, remain. Thus, the damage function developed

by Haynie and Upham is  s imple,  wel l  def ined,  va l id ,  and potent ia l ly  very

use fu l . I t s  on l y  ma jo r  f l aws  a re  t he  f a i l u re  t o  cha rac te r i ze  t he  e r ro r

in measurement of SO2 levels and the relat ionship between corrosion rate

of  z inc  sheet ,  z inc  coat ing an s tee l ,  and uncoated s tee l .

Indeed, the only l ikely recommendations for improvement deal with

these two f laws:

Characterize errors in measurement of SO2 levels

Conduct  a  less  ex tens ive ser ies  o f  tes ts  on z inc-coated s tee l
i n  pa ra l l e l  w i t h  z i nc  shee t  t o  de te rm ine  t he  re l a t i ve  co r ros ion
ra tes .
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V. RESEARCH NEEDS

This  f ina l  chapter  de l ineates a  l imi ted number  o f  suggest ions for  add i -

t iona l  research that  were cu l led f rom the mater ia l  presented in  the pre-

ceding chapters. These suggestions pertain exclusively to development of dose-

ef fec t  funct ions and do not  dea l  w i th  such o ther  re la ted and in terest ing

topics as improvements in air qual i ty monitoring and modeling techniques or

better understanding of effect mechanisms. Successive sect ions address

methodological improvements in determination of exposure and effect and

add i t i ona l  dose -e f f ec t  s t ud ies . Each suggestion takes the form of a brief

discussion of i ts object ives and means of implementat ion.

A. DETERMINATION OF EXPOSURE

Research needs explored in this sect ion deal with improvements in

determin ing exposure leve ls  and in  the i r  representat ion.

1. Determination of Exposure Levels

The air qual i ty of many communit ies is represented by one or on-

ly  a  few moni tor ing s ta t ions. Th i s  i n t r oduces  a  l a rge  e r ro r  i n  t he

de te rm ina t i on  o f  exposu re  l eve l s  o f  t he  t a rge t  popu la t i on .  Add i t i ona l

uncer ta in t ies  are brought  to  bear  by the mobi l i ty  and sh ie ld ing of

human subjects. The ob jec t ives o f  th is  suggest ion are  to :

Determine how well  air qual i ty measurements at a monitoring

sta t ion represent  the ambient  qua l i ty  in  the sur rounding

community

Determine the impact  o f  mobi l i ty  and sh ie ld ing o f  the

subjects on their exposure.

These object ives could be met with the aid of a mobile monitor ing

sta t ion that  would  measure po l lu tant  concent ra t ions a t  var ious out -

door and indoor locations, under dif ferent emission regimes and meteoro-
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l og i ca l  cond i t i ons . More refined measurements might be obtainable

in some cases through the use of personal monitors. Some investiga-

t ions o f  indoor  a i r  qua l i ty  have a l ready been conducted (Yocum, e t  a l . ,

1971; Wade, et al . ,  1974).

Fu l f i l lment  o f  the second ob ject ive  would  a lso requ i re  ca lcu la-

t ion  o f  a  d is t r ibut ion o f  t ime spent  outdoors  for  each c lass  o f  the

popu la t i on  a t  r i s k . The results of these efforts would appear in the

form of  conf idence l imi ts  p laced around spec i f ic  sets  o f  a i r  qua l i ty

data .

2. Representat ion of Exposure Levels

Inasmuch as most observed effects can be attr ibuted to both

long- term,  low- leve l  exposure and shor t - term peak concent ra t ions,

i t  appears  reasonable  that  the index of  exposure should  account  for

both types of exposure. Thus,  the ob jec t ives  o f  th is  research sugges-

t i o n  a r e  t o :

Develop an improved measure of exposure

E x p l o r e  t h e  f e a s i b i l i t y  o f  t r a n s l a t i n g  d i f f e r e n t

measures of exposure.

To this end, one could formulate a composite exposure index,

such as

I = a + al Cl + a2 C2 + a3 D

where a ,  al, a2, and a3 are empi r ica l ly  determined coef f ic ients ,  Cl and

C2 are the fract ions of hours during which concentrat ion exceeds some

designated levels 1 and 2 (perhaps the primary and secondary air

qua l i ty  s tandards) ,  respect ive ly ,  and D is  dosage,  or  the in tegra l  o f

concent ra t ion as  a  funct ion o f  t ime.
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The f irst phase of the suggested research would consist of

rep lac ing cur rent  exposure ind ices in  dose-ef fec t  s tud ies ,  for  which

adequate exposure data are avai lable, with a composite index of the

form shown above to determine whether this leads to an improved dose-

e f f e c t  f u n c t i o n . Next, the accumulated knowledge would be used to

explore ways of convert ing from one type of measure to another under

d i f fe rent  emiss ion reg imes and meteoro log ica l  cond i t ions.  Such con-

versions would be very useful in cases where only one type of measure

i s  a v a i l a b l e .

3 . Define Monitoring Requirements

The se lec t ion o f  dose-ef fec t  s tud ies  today is  governed a t  least

as much by the avai lab i l i ty  o f  a i r  qual i ty  data as by soc ia l  needs.

This  is  due large ly  to  a  lack o f  fores ight  by those respons ib le  for

p lann ing and fund ing data  co l lec t ion programs.  The ob ject ive  o f  th is

sugges t i on  i s  t o  remedy  th i s  s i t ua t i on  by  de f i n i ng  cu r ren t  a i r  qua l i t y

mon i t o r i ng  requ i r emen ts  f o r  po ten t i a l  f u t u re  dose -e f f ec t  s t ud ies .

Th i s  e f f o r t  wou ld  i nvo l ve  p ro j ec t i on  o f  a l l  subs tan t i a l  f u t u re

emiss ion leve ls  o f  l i ke ly  hazardous po l lu tants  and an est imate o f  the

accuracy and spec i f ic i ty  requ i rements  d ic ta ted by fu ture soc ia l  needs

and  o the r  unce r ta i n t i es  i n  t he  dose -e f f ec t  r e l a t i onsh ips .

B. DETERMINATION OF EFFECT

Here, we take up research needs for  determin ing the e f fec ts  o f  a i r

po l l u tan t s  on human health and vegetation.

1. Determinat ion of  Morb id i ty

Morb id i ty  in  ep idemio log ica l  s tud ies is  genera l ly  measured wi th

the aid of hospital  admission and occupancy and medical visi t  records,

absenteeism from work and shcool,  and personal diaries. T h e  l a t t e r

are considered the most accurate, but too cost ly and t ime consuming

for  mass ive  s tud ies .
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The object ives of the proposed research effort  would be to assess

and improve the accuracy and re l iab i l i ty  o f  the var ious methods for

determin ing morb id i ty  in  dose-ef fec t  s tud ies .  Th is  would  be accom-

plished by comparing the data obtained by other means with those

obta ined f rom personal  d iar ies  for  the same popula t ion to  ident i fy

principal weaknesses and problems. The  resu l t s  o f  t h i s  e f f o r t  wou ld

take the form of recommendations for improvements in the recording

and co l lec t ion o f  morb id i ty  data .

2. De te rm ina t i on  o f  Mor ta l i t y

Mor ta l i ty  in  ep idemio log ica l  s tud ies is  expressed in  terms of

changes in the dai ly or annual death rate. However ,  i t  i s  not  c lear

what this measure represents, because there is no way of knowing

whether those individuals who appear to have died prematurely would

have l ived only a few days or many years in the absence of the pol lu-

t i o n . The er ra t ic  behav ior  o f  mor ta l i ty  curves fo l lowing per iods o f

h igh po l lu t ion on ly  serve to  accentuate th is  uncer ta in ty .

The proposed research effort would explore instead the feasi-

b i l i ty  o f  determin ing changes in  l i fe  expectancy by compar ing ages at

death o f  age-ad justed popula t ions exposed to  d i f ferent  leve ls  o f

a i r  p o l l u t a n t s . As  i n  o the r  va l i d  ep idem io log i ca l  s t ud ies ,  a l l  o t he r

impor tant  covar ia tes  would  have to  be carefu l ly  cont ro l led as wel l .

The ult imate results of such an effort  would be a demonstrated method

for determining changes in l i fe expectancy associated with exposure

to  a  g iven po l lu tant  for  a  wel l -character ized popula t ion group.

(Takacs, 1974.)

3. Effects on Vegetat ion

Stud ies  o f  e f fec ts  o f  a i r  po l lu tants  on vegetat ion are  character ized

by a wide array of measures of effects. Th is  f rus t ra tes  any a t tempts  a t

agg rega t i ng  resu l t s  o f  d i f f e ren t  s t ud ies  ove r  po l l u t an t s ,  p l an t  spec ies ,

geographic regions, or effects, and hampers the drawing of general con-

c lus ions about  the dose-ef fec t  re la t ionsh ips .
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The object ive of the proposed effort  would be to provide

uni form gu idance for  exper iment  des ign,  data  co l lec t ion,  cont ro l

o f  co fac tors ,  measurement  o f  e f fec ts ,  and d isp lay  o f  resu l ts  and

the assoc ia ted uncer ta in t ies . Such a study would obviously require

the part icipat ion and endorsement of a wide spectrum of respected

i n v e s t i g a t o r s  i n  t h i s  f i e l d .

C. STUDY DESIGN

There are a number of l ively controversies surrounding the design and

deve lopment  o f  dose-ef fec t  funct ions. Several of the more important are

taken up below.

1. Cost -Ef fec t iveness o f  Ep idemio log ica l  Stud ies

In  l i gh t  o f  t he  l a rge  unce r ta i n t i es  cha rac te r i z i ng  t he  resu l t s

o f  ep idem io log i ca l  s t ud ies , some people have suggested their replace-

ment by more precise, though also much more costly, efforts. One

such suggestion is Lester Lave's "dream study," which would focus on

carefu l ly  se lec ted sample popula t ions in  a  number  o f  c i t ies . The

se lected ind iv idua ls  would  be moni tored to  determine the i r  personal

exposu re  t o  a l l  impo r tan t  env i r onmen ta l  f ac to r s ,  i nc l ud ing  a i r  po l l u -

tants ,  rad ia t ion,  and weather  condi t ions,  and they would  keep d iar ies

recording their symptoms. (Morris and Morgan, 1974.)

The object ive of the proposed project would be to assess the rela-

t ive  cost  e f fec t iveness o f  an ep idemio log ica l  s tudy and Lave 's  "dream

study"  for  the more impor tant  po l lu tants  and e f fec ts . Such an e f for t

would need to take into account the t iming and accuracy requirements

of  the in tended uses o f  the resu l ts  and would  spec i fy  the condi t ions

when one type of  s tudy is  preferab le  to  the other .
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2 . Est imat ion o f  Dose-Ef fec t  Rela t ionsh ips

A number of dose-effect studies have been excluded from con-

s ide ra t i on  i n  ou r  su rvey  o f  t he  l i t e ra tu re  i n  Chap te r  I I  because  o f

var ious f laws rang ing f rom insuf f ic ient  data  to  inadequate cons idera-

t i on  o f  cova r i a t es ,  o r  use  o f  imp rope r  s t a t i s t i ca l  me thods .  Th i s

proposed research pro jec t  would  a t tempt  to  cor rec t  th is  s i tuat ion

by prov id ing a  manual  for  es t imat ing dose-ef fec t  re la t ionsh ips.

Such a manual would define the preferred and optional stat ist ical

procedures to  be fo l lowed for  var ious sets  o f  const ra in ts  and requ i re-

ments. I t  would  spec i fy  var ious methods o f  presentat ion o f  resu l ts

and the assoc ia ted er rors  and uncer ta in t ies . In  e f fec t ,  the manual

would consti tute a greatly expanded, reorganized, and more scholarly

vers ion of  our  Chapter  I I I .

D. ADDITIONAL DOSE-EFFECT STUDIES

In addi t ion to  the methodolog ica l  research needs out l ined in  the pre-

ced ing sect ions, a  number  o f  impor tant  dose-ef fec t  funct ions s t i l l  remain

to be developed. These are defined here for the three major target areas.

1. Heal th  Ef fec ts

The more impor tant  a i r  po l lu t ion dose-ef fec t  re la t ionsh ips  that

need to be developed or val idated may be l isted as fol lows:

E f f e c t s  o f  NO2 and  n i t r a tes

E f f ec t s  o f  d i f f e ren t  t ypes  o f  su l f a t es  ( e .g . ,  me ta l ,

a c i d ,  s a l t s )

Chron ic  e f fec ts  o f  low- leve l  (be low s tandards)  exposures

to  va r i ous  po l l u t an t s
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Carc inogenic , tera togen ic ,  and mutagenic  e f fec ts

o f  a i r  po l l u tan t s ,  as  spec i f i ed  i n  Sec t i on  103 ( f ) ( 2 ) (B )

of the Clean Air Act of 1970.

2. Ef fec ts  on Vegeta t ion

Effects of air  pol lutants on vegetat ion appear much more wide-

spread than had been hereto fore suspected,  espec ia l ly  in  l ight  o f  the

recent  d iscovery  o f  h igh ox idant  leve ls  in  rura l ,  c rop-growing areas.

Yet  past  s tud ies o f  growth reduct ion and y ie ld  loss exh ib i t  w ide ly

va ry i ng  resu l t s . Consequent ly ,  the fo l lowing types of  dose-ef fec t

re la t ionships appear  to  be urgent ly  needed.

Ef fec ts  o f  ox idants  on y ie lds  o f  major  c rops

Synerg is t ic  e f fec ts  o f  su l fur  ox ides and ox idants

Long- term ef fec ts  o f  po l lu tants  on eco log ica l  ba lance.

3. Other  Ef fec ts

Other  areas that  deserve addi t iona l  s tudy are:

E f f ec t s  o f  va r i ous
plast ics and wood

ai r  po l lu tants  on pa in ts ,  cement ,  rubber ,

E f f ec t s  o f  va r i ous a i r  po l l u tan t s  on  aes the t i c  app rec ia t i on
o f  a n  a r e a ,  i n c l u d i n g  v i s i b i l i t y

Ef fec ts  o f  var ious a i r  po l lu tants  on c l imate and loca l  wea-
the r  cond i t i ons .
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APPENDIX. DEMONSTRATION OF THE INTERPRETIVE UTILITY
OF AIR POLLUTION DAMAGE FUNCTIONS

This  appendix  conta ins  a  br ie f  demonst ra t ion o f  spec i f ic  uses o f

damage functions, prepared for inclusion in the Environmental Condit ions

and Trends Chapter of the CEQ 1975 Annual Report. The primary objective

is to show how air pol lut ion damage funct ions can serve as interpret ive

a ids in  communicat ing the s ign i f icance of  recent ly  measured a i r  qua l i ty

trends to persons who lack advanced technical training.

The repor t  beg ins wi th  an in t roduct ion to  the concepts  o f  po l lu t ion

damages and benefits, t he  na tu re  o f  a i r  qua l i t y  t r ends ,  and  t he  app l i ca -

t ion of damage funct ions. The remainder of the presentat ion. takes up the

u t i l i t y  o f  t h ree  damage  func t i ons  and  the i r  r e l a t i onsh ip  t o  a i r  qua l i t y

t r ends . These functions define the impact of sulfur dioxide on human

hea l t h ,  ox i dan t  i n j u r y  t o  t obacco  l eaves ,  and  e f f ec t  o f  su l f u r  d i ox ide

on cor ros ion o f  z inc .



A. INTRODUCTION

This sect ion introduces the concepts of damages and benefi ts associated

wi th  env i ronmenta l  po l lu t ion,  as  wel l  as  the nature o f  a i r  qua l i ty  t rends and

u t i l i t y  o f  damage  func t i ons . The  ac tua l  demons t ra t i on  o f  t he  u t i l i t y  o f

several damage functions is taken up next.

1. Environmental Damages and Benefits

Nearly everyone is now convinced that there exists a causal re-

lat ionship between environmental pol lut ion levels and certain damages

suf fered by soc ie ty . These may take the form of increased mortal i ty

and incidence, and prevalence of disease, diminished enjoyment of the

outdoors, reduced crop yields, more frequent maintenance and replace-

ment of exposed materials, and  o the r ,  l ess  we l l - i den t i f i ed  l osses .

Th is  be ing the case,  a  reduct ion in  po l lu t ion leve ls  should  br ing

about a corresponding decrease in these damages and yield a set of

benef i ts  equ iva lent  to  the d i f fe rence in  damages before  and a f ter  the

reduct ion took p lace. If  the damages are reduced to the point at

which they are no longer observed, then the benefi ts real ized are

equal to observed damages.

Legis la tors ,  p lann ing o f f ic ia ls ,  and o ther  env i ronmenta l  dec is ion

makers are frequently faced with the decision of how much to reduce

po l l u t an t  l eve l s  i n  t he  l i gh t  o f  t he  assoc ia ted  d i r ec t  cos t s  o f  po l l u -

t ion cont ro l  and poss ib le  secondary  economic  e f fec ts .  In  the past ,

these decisions were rather obvious and they were made in response to

popular sentiment. However, with the passing of t ime, these costs

became more acute ly  fe l t ,  espec ia l ly  in  the wake of  the energy cr is is ,

wh i l e  t he  bene f i c i a l  e f f ec t s  o f  r educed ,  o r  a t  l eas t  s t ab le ,  po l l u t i on

leve ls  were ne i ther  obv ious,  nor  eas i ly  measured.  Clear ly ,  the dec i -

sion makers would need a more sensitive tool for comparing and trading

of f  the costs  and benef i ts  o f  var ious leve ls  and types o f  po l lu t ion

c o n t r o l . Indeed, this need gave birth to the science of environmental

bene f i t / cos t  ana l ys i s .

Adm i t t ed l y ,  bene f i t / cos t  ana l ys i s  i s  no t  an  exac t  sc i ence ,  p r i -

mar i ly  because soc ia l  benef i ts  and costs  are d i f fuse and f requent ly
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di f f icu l t  to  express in  monetary  terms.  Even so,  the process o f

l og i ca l  and  sys tema t i c  sc ru t i ny  i nhe ren t  i n  bene f i t / cos t  ana l ys i s

can  con t r i bu te  subs tan t i a l l y  t o  t he  ab i l i t y  o f  dec i s i on  make rs  t o

improve the soc ia l  we l fare  through more e f f ic ient  a l locat ion o f  the

l imi ted resources o f  the publ ic  t reasury .

There is  an in teract ive  re la t ionsh ip  among po l lu tant  emiss ions,

ambient  a i r  qua l i ty ,  damages and benef i ts ,  and po l icy  dec is ions. This

is  i l lus t ra ted in  the d iagram be low,  where rec tang les ind icate  processes

and act ions,  whereas e l l ipses represent  the i r  products . The po l lu tants

emitted by stacks, automobile exhaust pipes, and other sources undergo

phys ica l  and chemica l  in teract ion in  the a tmosphere under  the in f luence

o f  me teo ro log i ca l  f ac to r s  t o  y i e l d  p reva i l i ng  amb ien t  po l l u tan t  l eve l s .

The result ing physical or biological damages are converted into some

rea l is t ic  economic  terms and t raded o f f  aga ins t  the costs  o f  cont ro ls

to guide decision makers on the extent and type of controls to be ap-

p l i e d . Alternatively, economic damages can be determined direct ly as

a funct ion o f  ambient  leve ls  through surveys o f  proper ty  va lues,  de-

c l a red  w i l l i ngness  t o  pay ,  l eg i s l a t i ve  dec i s i ons ,  and  l i t i ga t i on  awards .

Th is  is  an adapt ive  process,  w i th  major  dec is ions made a t  f i rs t  on

the basis of fragmentary information and successive ref inements appl ied,

as the constraints and impl icat ions of each step become better known.

The transit ion between pol lutant emissions and result ing damages is of

spec ia l  in terest  here and is  taken up in  more deta i l  in  the next  two

sect ions .

A-2



2. Ambient Levels and Trends

As was mentioned earl ier,  ambient pol lutant levels are determined

by phys ica l  and chemica l  in teract ions o f  po l lu tant  emiss ions in  the

atmosphere under the inf luence of such meteorological factors as wind,

p rec ip i t a t i on ,  sun l i gh t ,  and  t empera tu re . The most important mechanisms

are d ispers ion and d i lu t ion o f  po l lu tants  by a i r  movement ,  as  wel l  as

the formation of photochemical oxidants by various combinations of

po l lu tants ,  inc lud ing n i t rogen d iox ide and hydrocarbons,  under  the

in f l uence  o f  t he  sun ' s  u l t r av i o l e t  r ad ia t i on . Other  impor tant  in ter -

ac t i ons  w i t h  me teo ro log i ca l  f ac to r s  r esu l t  i n  t he  ox i da t i on  o f  su l f u r

dioxide and nitrogen dioxide to the more hazardous sulfates and to

n i t r a tes ,  r espec t i ve l y ,  t he  en t rapmen t  o f  po l l u t an t s  nea r  t he  ea r t h ' s

sur face by thermal  invers ions, and  the  c l eans ing  o f  t he  a i r  by  f a l l i ng

ra in  drops.

Attempts to predict ambient levels on the basis of the nature and

locat ion o f  po l lu tant  emiss ions and analy t ica l  models  o f  the var ious

phys ica l  and chemica l  in teract ions have been on ly  par t ia l ly  successfu l .

Consequently, many investigators have chosen to rely on measured ambient

leve ls ,  or  more recent ly ,  on a i r  qua l i ty  t rends.  These t rends express

the magni tude and d i rec t ion o f  change in  ambient  leve ls  o f  spec i f ic  po l lu -

tants as a funct ion of t ime, and they have several important advantages

over measurement of ambient levels. I n  t he  f i r s t  p l ace ,  t hey  p rov ide  t he

on l y  va l i d  i nd i ca to r  o f  t he  re l a t i ve  success  o f  po l l u t i on  con t ro l  ac t i on ,

as well as some predictive measure of future damages associated with various

leve l s  o f  exposu re  t o  spec i f i c  po l l u tan t s .  Second l y ,  t hey

reliable than ambient measurements, because some errors of

cancel out.

tend to be more

measurement may

Comprehensive assessment of national air quality trends has become

feas ib le  on ly  recent ly ,  in  the wake of  the requi rement  by the Clean Ai r

Act  o f  1970 that  each s ta te  co l lec t  and repor t  spec i f ic  a i r  qua l i ty  data .

A i r  q u a l i t y  d a t a  f o r  t h e  f i v e  a i r  q u a l i t y  s t a n d a r d  p o l l u t a n t s  ( t o t a l

suspended part iculates, su l fur  d iox ide,  carbon monoxide,  ox idants ,  and

nitrogen dioxide) are supplied by Federal,  state, and a number of local

agencies to the EPA National Aerometric Data Bank (NADB), where they are
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va l idated and consol idated. With the aid of these data, the EPA

Office of Air Quali ty Planning and Standards has been able to publ ish

in August 1973 the f irst annual Air Quali ty and Emissions Trends re-

port,  which analyzed nationwide emission trends between 1940 - 1971,

and trends in ambient levels for more recent years. This document was

subsequently supplemented by the 1972 and 1973 editions of Monitoring

and Air Quality Trends Report, published in December 1973, and

October 1974, respectively, which focused on recent ambient level trends

fo r  t he  na t i on ' s  247  a i r  qua l i t y  con t ro l  r eg ions .  These  repo r t s  con -

c luded that  ambient  leve ls  o f  su l fur  d iox ide,  to ta l  suspended par t icu-

lates, and other pol lutants in urban areas have been decreasing in re-

sponse to pol lut ion control measures.

However, any interpretat ion of ambient level measurements, and hence

o f  a i r  q u a l i t y  t r e n d s , needs to be tempered by an appreciat ion for the

se r i ous  l im i t a t i ons  o f  p resen t  da ta  co l l ec t i on  p rac t i ces . These may take

the form of  number  and locat ion o f  moni tor ing s ta t ions,  measur ing ins t ru-

mentat ion,  and data  co l lec t ion and process ing.  The locat ion o f  a i r  qua l -

i ty  moni tor ing s ta t ions is  somewhat  er ra t ic  and is  f requent ly  d ic ta ted

by expediency and convenience, rather than by the more fundamental con-

s i de ra t i ons  o f  p rox im i t y  t o  po l l u t i on  sou rces ,  me teo ro log i ca l  pa t t e rns ,

o r  t a rge t  popu la t i ons . Moreover, a number of urban and most rural areas

have  i nsu f f i c i en t  cove rage  f o r  spec i f i c  po l l u t an t s ,  such  as  n i t r ogen  d i ox -

ide or  ox idants . Th i s  i s  espec ia l l y  t r oub lesome  i n  l i gh t  o f  t he  recen t

d iscovery  o f  h igh ox idant  leve ls  in  rura l  areas and the resu l tant  e f fec ts

on crop y ie ld .

Even more impor tant ly ,  there are cur rent ly  no d i rect  and spec i f ic

methods for measuring such important pol lutants as nitrogen dioxide,

n i t r a t es ,  and  su l f a t es . Thus,  ind i rec t  techn iques,  sub jec t  to  er rors  and

assumptions, must be used. In some cases, past methods have been modi-

f i ed  o r  a l t oge the r  d i scon t i nued ,  des t roy ing  t he  con t i nu i t y  o f  a i r  qua l i t y

records. F ina l ly ,  even where opt imal  leve ls  o f  s ta t ion coverage and so-

ph is t ica t ion o f  measurement  per ta in , one must st i l l  balance the sampling

f requency and the resu l tant  cost  o f  data  co l lec t ion,  s torage,  and pro-

cess ing wi th  the budgetary  const ra in ts  and potent ia l  u t i l i ty  o f  the data .
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The next major step in the transit ion between emission levels and

damages is the damage funct ion, which relates ambient levels to resul-

t a n t physical and economic damages.

3. Damage Functions

A damage funct ion is  the quant i ta t ive  express ion o f  a  re la t ionsh ip

between exposure to specif ic pol lutants and the type and extent of the

associated damage to a target populat ion. Exposure is typical ly measured

in terms of ambient concentrat ion levels and their durat ion and i t  may be

expressed as "dosage" or "dose". Dosage is the product of the t ime and

ambient concentrat ion to which the subject has been exposed, whi le dose,

represents  that  por t ion o f  the dosage that  has been ins t rumenta l  in  pro-

ducing the observed damage (e.g., the amount  o f  po l lu tants  actua l ly  in -

ha led  i n  t he  case  o f  hea l t h  e f f ec t s  o f  a i r  po l l u t i on ) .

The damage can become manifest in a number of ways and can be ex-

p ressed  i n  e i t he r  phys i ca l  and  b io l og i ca l ,  o r  economic  t e rms .  I f  t he

e f f ec t  i s  phys i ca l :  o r  b i o l og i ca l , the resu l tant  re la t ionsh ip  is  known

as a phys ica l  or  b io log ica l  damage funct ion,  or  a  dose-ef fec t  funct ion.

In an economic damage function, on the other hand, the effect is expressed

in monetary terms. Economic damage functions can be developed by assign-

ing do l lar  va lues to  the e f fec ts  o f  a  phys ica l  or  b io log ica l  damage func-

t ion,  or  by  d i rec t  cor re la t ion o f  economic  damages wi th  ambient  po l lu tant

l eve l s .

In report ing a damage function, one needs to  spec i fy  the po l lu tant ,

the dose ra te ,  the e f fec t ,  and the target  popula t ion,  or  the "popula t ion

a t  r i s k " . Dose rate, or the rate at which ambient concentrat ion varies

wi th  t ime,  has a  major  in f luence on the nature and sever i ty  o f  the resu l -

t a n t  e f f e c t . Long- term exposure to  re la t ive ly  low concent ra t ions o f  a i r

po l lu tants  may resu l t  in  mani fes ta t ions o f  chron ic  d isease,  character ized

by extended duration of development, delayed detection, and long prevalence.

Short-term exposure to high concentrat ion levels, on the other hand, may

produce acute symptoms, characterized by quick response and ready detection,

as wel l  as  chron ic ,  cumula t ive ,  or  de layed e f fec ts .
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Spec i f i ca t i on  o f  t he  popu la t i on  a t  r i s k  i nvo l ves  t he  cha rac -

terizat ion of the nature and magnitude of the exposed populat ion.

I t  i s  c r u c i a l  t o  t h i s  e x e r c i s e  f o r  s e v e r a l  r e a s o n s .  F i r s t ,  i t

serves to define the total damages produced by a given level of

exposure by mul t ip ly ing the corresponding un i t  damage (e.g . ,  in -

c reased  mor ta l i t y )  f o r  t he  spec i f i ed  popu la t i on  a t  r i s k  ( e .g . ,

whi te  males over  65)  by  the to ta l  number  o f  un i ts  w i th in  th is  pop-

u l a t i o n . Second l y ,  i t  pe rm i t s  i nves t i ga to r s  t o  ad jus t  t he i r  r e -

s u l t s  t o  r e f l e c t  t h e  i n f l u e n c e  o f  v a r i o u s  i n t r i n s i c  ( e . g . ,  a g e ,

race,  sex)  and ext r ins ic  (e .g . ,  genera l  hea l th ,  occupat ion,  income

and  educa t i on )  va r i ab les  i n  assess ing  t he  spec i f i c  e f f ec t s  o f  a i r

p o l l u t a n t s  ( e . g . , i nc reased  i nc idence  o f  l ung  cance r ) .  F i na l l y ,

i t  can  p rov ide  use fu l  gu idance  f o r  a l l oca t i ng  a i r  po l l u t i on  con t ro l

r esou rces  by  i den t i f y i ng  a reas  w i t h  pa r t i cu la r l y  suscep t i b l e  popu -

l a t i ons  exposed  to  re l a t i ve l y  haza rdous  l eve l s  o f  po l l u tan t s .

A typical S-shaped damage function, showing the damage corres-

ponding to  a  g iven exposure to  a  spec i f ic  a i r  po l lu tant ,  is  presen-

ted in  F igure A-1. The ordinate may represent either the number of

i n d i v i d u a l s  a f f e c t e d  o r  s e v e r i t y  o f  e f f e c t . The abscissa indicates

the dosage in  terms of  t ime,  a t  a  g iven ambient  concent ra t ion,  or  in

terms of  ambient  concent ra t ion for  a  f ixed per iod o f  t ime.  The lower

por t ion o f  the curve suggests  that ,  up to  a  cer ta in  exposure va lue,

known as a threshold level,  no damage is observed, whi le the upper

po r t i on  i nd i ca tes  t ha t  t he re  ex i s t s  a  damage  sa tu ra t i on  l eve l  ( e .g . ,

dea th  o f  t he  t a rge t  popu la t i on  o r  t o ta l  des t ruc t i on  o f  t he  c rops ) ,

beyond which increased exposure levels do not produce addit ional

damage. The  m idd le ,  quas i - l i nea r  po r t i on  i s  ve ry  use fu l  i n  t ha t

any data po in ts  here can be readi ly  in terpo la ted,  and the f requent

assumpt ion about  l inear i ty  o f  a  damage funct ion is  most  va l id  in  th is

s e c t o r .
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Figure A-1. Hypothetical Damage Function

The data required to develop physical or biological damage functions

a re  ob ta ined  p r ima r i l y  t h rough  ep idem io log i ca l ,  f i e l d ,  c l i n i ca l ,  t ox i co -

l og i ca l ,  o r  l abo ra to ry  i nves t i ga t i ons . The f i rs t  approach invo lves the

comparat ive examination of the effects of pol lutants on selected segments

of  popula t ion exposed to  d i f ferent  leve ls  o f  po l lu t ion,  in  order  to  deduce

the nature and magni tude of  the l ike ly  e f fec t .  F ie ld  observat ions repre-

sent a similar approach to assessment of effects on animals, vegetat ion,

and mater ia ls ,  and they are character ized by s imi lar  analy t ica l  techniques

and concerns. Cl in ica l  s tud ies are  based on hosp i ta l  observat ions o f  the

results of exposure on human subjects. Tox i co log i ca l  i nves t i ga t i ons  i n -

vo l ve  de l i be ra te  adm in i s t r a t i on  o f  con t ro l l ed  doses  o f  po l l u t an t s  t o  an i -

mal, and occasional ly, human subjects, and observat ion o f  the resu l t ing

e f f e c t s . Laboratory studies represent essential ly the same approach for

determin ing e f fec ts  o f  po l lu tants  on p lants  and mater ia ls .

Several considerations need to be noted about epidemiological and

f i e l d  s t u d i e s . F i r s t ,  i t  i s  ve ry  impo r tan t  t o  r emove  o r  con t ro l  t he
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i n f l uence  o f  t he  va r i ous  i n t r i ns i c  and  ex t r i ns i c  va r i ab les  c i t ed  above

that  may be respons ib le  for  the d i f ferent  e f fec ts  observed.  Secondly ,

epidemiological and f ield studies and observations can show only an

associat ion between exposure to pol lut ion and the observed effect,  sug-

ges t i ng  t he  ex i s tence  o f  a  causa l  r e l a t i onsh ip .  Such  a  re l a t i onsh ip

can be then tested,  by tox ico log ica l  and laboratory  s tud ies. I t  can

be rendered p laus ib le  by the presentat ion o f  a  p laus ib le  connect ive

mechanism, or other weight of reason.

The common pract ice  o f  set t ing a i r  qua l i ty  s tandards a t ,  or  jus t

below the corresponding threshold levels has engendered considerable

cont roversy. S ince  th resho ld  l eve l s  a re  l a rge l y  con t i ngen t  on  ou r  ab i l i t y

to observe and measure small degrees of damage in large populations, they

become continual ly eroded with improving state of the art in damage assess-

ment. Moreover ,  i t  i s  known that  low leve ls  o f  cer ta in  po l lu tants  which are

incapable of producing measurable damages, nevertheless generate a predis-

position to subsequent damage. Thus, the proponents of reduced standards

advocate that these be set at 1-3 orders or magnitude below threshold levels,

depending on the gravity of the corresponding damage, to ensure publ ic safety.

Opponents, on the other hand, argue that the economic costs and other depriva-

t ions associated with controls required to achieve such low standards cannot

b e  j u s t i f i e d .
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B. DEMONSTRATION OF DAMAGE FUNCTIONS

Fol lowing th is  br ie f  overv iew of  the nature o f  a i r  qua l i ty  t rends and

damage funct ions, we now proceed to i l lustrate some of the concepts intro-

duced and to  demonst ra te  the in terpre t ive  u t i l i t y  o f  damage funct ions.  These

funct ions have been se lec ted in  the areas o f  hea l th  e f fec ts ,  vegeta t ion in -

jury ,  and mater ia l  cor ros ion. A d iscuss ion o f  the funct ion se lec t ion process

precedes the presenta t ion o f  the funct ions.

1. Selection of Damage Functions

Most damage functions in the area of human health effects are de-

ve loped on the bas is  o f  ep idemio log ica l  s tud ies,  which requi re  a  very

substant ia l  e f for t  to  ident i fy  a  degree of  damage cor responding to  a

g iven exposure to  a  cer ta in  a i r  po l lu tant  over  a  spec i f ied per iod o f

t ime. The results of this, effort may represent only one point toward

the const ruc t ion o f  a  damage funct ion for  that  spec i f ic  hea l th  e f fec t

po l l u t an t ,  dose  ra te ,  and  t a rge t  popu la t i on .  The  resu l t s  o f  o the r  s t ud ies

can cont r ibute  add i t iona l  po in ts  to  the const ruc t ion o f  the same curve on ly

i f  t h e s e  s p e c i f i c  c o n d i t i o n s  a r e  s u f f i c i e n t l y  s i m i l a r . Thus, one can

readi ly  apprec ia te  that  heal th  e f fec ts  damage curves are typ ica l ly

sketchy and unrel iable.

There have been a t tempts  to  amel iora te  th is  s i tuat ion wi th  the a id

o f  c l i n i ca l  obse rva t i ons  and  t ox i co log i ca l  i nves t i ga t i ons . Thus, a re-

cent report for EPA by the Cali fornia Air Resources Board formulated

several hundred health effect damage functions on the basis of pooled

expert opinions by a team of medical special ists. Tox i co log i ca l  i nves -

t igat ions have been conducted on animals and, in case of the less hazard-

ous pol lutants, on human subjects. Both of these approaches involve major

assumpt ions about  the dose ra te ,  app l icab i l i ty  o f  e f fec ts  on an imals  to

human subjects, and other factors, and must be interpreted with great care.

The situat ion should be sl ight ly improved in assessing damages to

animal health and vegetat ion, because of  the greater  oppor tun i ty  to  con-

duct control led experiments. I t  should be even better in assessing
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material damage, because of  the addi t iona l  ease of  character iz ing the

ta rge t  popu la t i on . Unfortunately, the required research has. not been

c a r r i e d  o u t .

Three major cr i ter ia were employed in select ing the several damage

funct ions for  the present  demonst ra t ion:

A v a i l a b i l i t y  o f  a i r  q u a l i t y  t r e n d  d a t a
Avai lab i l i ty  o f  suf f ic ient  exposure-damage data
Importance of damage

The exposure-damage data must be sufficient to construct even a rudimen-

tary damage function. Importance of damage is measured in terms of the

t o t a l  l o s s  t o  s o c i e t y , including both economic and social values.

The fo l lowing funct ions were se lec ted:

Su l f u r  d iox ide -  human mor ta l i ty
Ozone - in jury  to  tobacco leaves
Su l fu r  d iox ide -  co r ros ion  o f  z i nc

Sulfur dioxide levels have been widely correlated with human health

ef fec ts  and the nature  o f  th is  re la t ionsh ip  has rece ived cons iderab le

a t t e n t i o n . The vast impact of ozone on crop yield and quality has been

recognized as a  resu l t  o f  recent  d iscovery  o f  h igh ox idant  leve ls  in

rural areas and a number of yield loss experiments. Corrosion of metals

is the most important component of material damages and zinc-coated

steel is widely used in art icles exposed to the atmosphere.

2. Effects of Sulfur Dioxide on Human Mortal i ty

Su l f u r  d iox ide  (SO2)  was  one  o f  t he  f i r s t  po l l u t an t s  t o  be  imp l i ca ted

in human health effects, and a number of invest igators have sought to

define i ts impact on human morbidity ( incidence and prevalence of disease)

and  mor ta l i t y  r a tes . More recent ly ,  there have been ind icat ions that  SO2

has been only a proxy for a more damaging agent -- suspended sulfates

( t he  su l f a te  f r ac t i on  o f  pa r t i cu l a tes ) ,  and /o r  a  t h i r d  f ac to r  c l ose l y

assoc ia ted wi th  su l fa tes ,  such as iner t  par t icu la tes  or  humid i ty . EPA

has evolved a mathematical model of the relationship between SO2 and
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su l fa te  leve ls  by  compar ing the i r  va lues in  severa l  c i t ies . However,

i t  shou ld  be  no ted  t ha t  t he  ac tua l  r e l a t i onsh ip  va r i es  subs tan t i a l l y

among individual areas.

A composi te  p lo t  o f  the re la t ionsh ip  between da i ly  su l fur  d iox ide

levels and percent change from the mean of dai ly mortal i ty rate, based

on the results of two New York City studies, is shown in Figure A-2.

The data  appear  to  fa l l  on the l inear  por t ion o f  the cure,  and i t  i s  not

c lear  where or  whether  a  threshold  leve l  ex is ts . Mor ta l i ty  ra te  changes

appear both below and above the mean death rate, depending on variations

of  SO2 leve ls  w i th  respect  to  the va lue assumed in  es tab l ish ing the

mean death rate.

I t  i s  r a the r  easy  t o  f i nd  f au l t  w i t h  t he  f unc t i on  i n  F igu re  A -2 .

For  one th ing,  i t  a t tempts  to  cor re la te  da i ly  va lues o f  death ra te  and

sul fur  d iox ide leve l ,  a l though some sor t  o f  lag t ime must  sure ly  be

invo lved. It  suppl ies no information on the many days of discomfort,

d i sab i l i t y ,  and  o the r  l osses  t ha t  obv ious l y  p receded  dea th .  I t  p rov ides

no  cha rac te r i za t i on  o f  t he  cause  o f  dea th  o r  o f  t he  popu la t i on  a t  r i s k ,

no t  even  age ,  o r  gene ra l  s t a te  o f  hea l t h .  Ye t ,  f o r  a l l  t ha t ,  t he  f unc t i on

is  very  usefu l ,  fo r  i t  p rov ides a  crude empi r ica l  es t imate o f  the conse-

quences  o f  a l t e rna t i ve  po l l u t i on  con t ro l  ac t i ons ,  as  we l l  as  a  s ta r t i ng

po in t  f o r  add i t i ona l  r esea rch  i n  t h i s  a rea .

I n  add i t i on  t o  changes  i n  mor ta l i t y  r a tes ,  a i r  po l l u tan t  l eve l s

have been correlated with increased incidence, prevalence, and severi ty

of  var ious resp i ra tory  and other  d isorders . I n  pa r t i cu la r ,  t he  agg rava -

t ion and prevalence of asthma attacks by suspended sulfates at several

temperature levels have been investigated by EPA's CHESS (Community

Health and Environmental Surveillance System) program in a number of

urban areas. Plo ts  o f  th is  re la t ionsh ip  for  Sal t  Lake Ci ty  and New

York City are shown in Figure A-3. U n f o r t u n a t e l y ,  t h e  l a c k  o f  n a t i o n a l

trend data on suspended sulfates and the uncertain relat ionship between

sulfur dioxide and suspended sulfate levels preclude the use of these

func t i ons  f o r  i n t e rp re t i ng  t he  s i gn i f i cance  o f  a i r  po l l u t i on  t r ends .

The curves in Figure A-3 are known as "hockey st ick" functions,

because of their shape, which attempts to approximate the lower and
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middle  por t ions o f  the c lass ica l  S-curve in  F igure 1 . I t  should  be

noted that these plots al lege the existence of a very pronounced

threshold  a t  the su l fa te  concent ra t ion cor responding to  the in tersect ion

o f  t he  two  l i nes . The corresponding asthma attack rate is that level

which would be found even in the absence of sulfur dioxide pol lut ion.

The t rends for  su l fur  d iox ide leve ls  are  wel l  es tab l ished and a

plot of annual mean concentrat ion in urban areas for the period 1964-

1973 is presented in Figure A-4. I t  may be noted that  SO2 leve ls  dur -

ing that period decreased by 50 percent, from 50 to 25 pg/m3,  although

ind i v i dua l  u rban  a reas  exh ib i t ed  subs tan t i a l  va r i a t i ons . According to

the p lo t  in  F igure A-2,  th is  cor responds to  a  0 .3  percent  reduct ion in

the mean death rate. A l t e rna t i ve l y ,  i f  SO2 l eve l s  we re  a l l owed  t o

cl imb to the primary standard of 80 pg/m3,  one would expect an 0.5

percent  increase in  the death ra te .

Figure A-2. Relationship Between Daily Sulfur Dioxide Levels and
Daily Mortal i ty Rates in New York City Metropoli tan Area

(based on Glasser and Greenberg, 1971; Buechley, 1973)
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Figure A-3. Effect of Minimum Daily Temperature and Suspended Sulfates
on Daily Asthma Attack Rates in Salt Lake ( left) and New
York ( r ight )  areas.  (EPA,  May 1974)

Figure A-4. National Trends of Sulfur Dioxide Levels (Annual Ari thmetic
Means) for 1964-1973. (Adapted from EPA, August 1973; EPA,
October 1974)
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There are several ways of interpret ing changes in the death rate.

The  f i r s t  l og i ca l  s t ep  i s  t o  t r ans la te  t hem i n to  t he  co r respond ing

increases or decreases in the number of deaths. S ince the to ta l  annual

number  o f  deaths in  the U.S.  is  jus t  under  2  mi l l ion ,  0 .3  and 0.5

percent changes in the death rate correspond to 6,000 and 10,000 annual

dea ths ,  r espec t i ve l y .

However ,  a  s ing le  fac tor ,  such as a i r  po l lu t ion,  cannot  be he ld

respons ib le  for  people 's  deaths,  but  on ly  for  the i r  premature deaths.

C lea r l y ,  peop le  wou ld  s t i l l  be  dy ing  i n  t he  absence  o f  a i r  po l l u t i on ,

though hopeful ly at a more advanced age. Thus, the key question here

is  the change in  l i fe  expectancy resu l t ing f rom a spec i f ic  change in

SO2 l e v e l s . Once this has been established, one can apply such economic

factors as loss of productive days and costs of medical and hopsital ,

care, to compute the resultant damage to society.

3. Effects of Oxidants on Tobacco Leaves

In terest  in  the e f fec ts  o f  ox idants  on vegetat ion has been aroused

recent ly  by the d iscovery of  h igh ox idant  leve ls  in  rura l  areas and by

the publ icat ions o f  resu l ts  o f  cont ro l led exper iments  reveal ing unex-

pec ted l y  h i gh  y i e l d  l osses  a t t r i bu ted  t o  ox idan t  exposu re .  I n  f ac t ,

EPA's draft 1975 report on the Cost of a Clean Environment places

the est imate o f  1973 crop losses due to  h igh ox idant  leve ls  a t  near ly

$ 3  b i l l i o n .

Ind icat ions of  h igh rura l  ox idant  leve ls  were d iscovered in  1970 by

EPA in  the course o f  invest igat ing - in jury  to  Chr is tmas t rees,  Subsequent

read ings  i n  ru ra l  a reas  o f  Ca l i f o rn ia , Florida, Maryland, New York, Ohio,

Pennsylvania, West Virginia, and Wisconsin, confirmed that the one-hour

standard of 0.08 ppm was being.exceeded frequently during the summer

months. Experiments by at least a dozen teams of investigators ci ted in

the EPA report, comparing scores of protected and exposed species of

crops revealed yield losses as high as 60-70 percent at these ambient levels.

Reasonable damage functions have been developed for several plant

spec ies ,  such as  the Bel-W3, a  sens i t ive  var ie ty  o f  tobacco,  which is  a

major  agr icu l tura l  c rop in  the southeastern  s ta tes . A damage function
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re la t ing exposure to  ox idants ,  w i th  leaf  in jury ,  an impor tant  measure

of damage for the tobacco plant, was developed by Heck et al. and is

p i c tu red  i n  F igu re  A -5 . It  may be noted that this graph provides separate

plots of both the concentrat ion and t ime elements of exposure, permitt ing

the in terpreat ion o f  both  acute  and chron ic  e f fec ts .

Figure A-5. Relationship Between Oxidant Exposure and Injury to Tobacco
Leaf  (Heck et  a l . ,  1966)

Al though data on ox idant  leve l  t rends in  rura l  areas are very  scarce,

the graph permi ts  specula t ion on the l ike ly  e f fec ts  o f  changes in  po l lu tant

leve ls  on the in jury  to  tobacco leaves. For example, one can learn that,

for one-hour exposures, a decrease in ozone level from 0.5 to 0.3 ppm

(50 to 30 pphm) would reduce the injury index by 10 (from 73 to 63), while

for one half-hour exposures, such a decrease would produce a reduction of

50 (from 62 to 12). Th is  var ia t ion o f  the e f fec t  o f  a  g iven dose wi th  dose

rate can be seen clearly by noting the variat ions of the 20 and 40 pphm-hrs

p lo t  w i t h  respec t  t o  i n j u r y  i ndex .

Fo r  a l l  i t s  soph i s t i ca t i on  and  u t i l i t y ,  t he re  i s  much  t ha t  t h i s

graphic  representat ion does not  repor t . There is  no character izat ion o f

long-term effects of low-level exposures, though recent studies have

indicated the l ikel ihood of signif icant damage by prolonged exposure to

levels below 0.1 ppm. Simi lar ly ,  there is  no in format ion on how the

impact would vary with age of the plant,  an important aspect of the

A-15



cha rac te r i za t i on  o f  t he  popu la t i on  a t  r i s k . F ina l l y ,  one  wou ld  l i ke

to know the relat ive impact of other environmental variables, such as

re la t ive  humid i ty ,  temperature,  and sun l ight .

4. Ef fect  o f  Su l fur  D iox ide on Corros ion of  Z inc

Corrosion of metals is the most substantial  component of air

po l lu t ion damage to  mater ia ls ,  account ing for  over  $7.6  b i l l ion  in

1973.  Stee l ,  in  turn ,  is  the most  wide ly  used meta l  and,  in  many

appl ica t ions invo lv ing exposure to  the a tmosphere,  s tee l  is  coated

wi th  z inc  by the ga lvan iz ing process. Thus,  z inc  was a l ike ly  cho ice

fo r  i l l u s t r a t i on  o f  po l l u t an t  damage  t o  ma te r i a l s .

Once the zinc coating has been breached, the corrosion rate of

the under ly ing s tee l  proceeds much fas ter .  Th is  is  due in  par t  to

the  h i ghe r  r eac t i v i t y  o f  s t ee l ,  bu t  a l so  t o  t he  ga l van i c  po ten t i a l

generated at the interface between the two metals.

The corros ion ra te  is  usual ly  in f luenced by humid i ty  and

temperature, as wel l  as  by su l fur  d iox ide. Hence, the damage

function, developed by Haynie and Upham (1970) on the basis of a

series of control led experiments and shown in Figure A-6, expresses

the cor ros ion ra te  o f  z inc  as  a  funct ion o f  an a tmospher ic  fac tor ,

formed as a product of SO2 concentrat ion and a modif ied value of

re l a t i ve  hum id i t y . Thus, changes in the atmospheric factor are

d i r e c t l y  p r o p o r t i o n a l  t o  v a r i a t i o n s  i n  s u l f u r  d i o x i d e  l e v e l s .

For example, the 50 percent decrease in SC2 levels between 1964

and 1973, as noted in Figure A-4, should have reduced corrosion rates

from 0.8 to 0.4 pm per year, thus doubl ing the l i fe  expectancy of  z inc

surfaces.
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Figure A-6. Effect of SO2 and Relative Humidity on the Corrosion

Rate of Zinc (Haynie and Upham, 1970).

C. CONCLUSIONS

In spite of the large amount of effort  that has been devoted to

development  o f  a i r  po l lu t ion damage funct ions and compi la t ion o f  a i r  qua l i ty

t r ends ,  i t  i s  f a i r  t o  say  t ha t  t h i s  vas t ,  new ,  and  p rom is i ng  a rea  o f  i nves t i -

gation has been barely breached. The addit ional effort needed has been

ou t l i ned  i n  t he  i n t r oduc to ry  d i scuss ion  and  i n  t he  i l l u s t ra t i ve  examp les

cited above. The potent ia l  re turn  is  impress ive indeed.  i t  p romises noth ing

less  t han  t o  p rov i de  pub l i c  o f f i c i a l s  w i t h  an  e f f ec t i ve  t oo l  f o r  a l l oca t i ng

ef f ic ient ly  l imi ted resources among the many conf l ic t ing demands for  po l lu t ion

cont ro l  and o ther  aspects  o f  soc ia l  we l fare .
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